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INTRODUCTION 

For the past 25 years studies with neutrons, protons, and heavier 

accelerated particles have demonstrated the many interesting and important 

aspects of heavy-particle research in biology and medicine. During the past 

ten years it has become apparent that ions with a far greater penetration and 

density of ionization than now available could possibly become of great im

portance in cancer therapy, as well as be of immediate value in space

medicine studies and basic bio-medical research. In addition to this need for 

a high-energy, heavy-ion accelerator, recent research at the Hilac has in

dicated an increasing interest in low-energy, very-heavy-ion beams. To 

satisfy these two major requirements we have formulated a new accelerator 

concept which we call the Omnitrqn. The name quite naturally arises be

cause of the ability of this machine to accelerate all ions to all energies up 

to 500 MeV per nucleon. The Omnitron is the culmination of plans which have 

gone through a period of evolution during the past five or six years in an 

attempt to develop a suitable high-energy, heavy-ion accelerator principally 

for bio-medical research. By taking advantage of some of the developments 

in very-high-energy proton synchrotrons we now have arrived at a design that 

we believe represents a presently feasible solution to the problem of building 

the flexible and yet reliable multipurpose accelerator needed to serve both of 

the above requirements. 

The basic design of the high-energy mode of operation uses the present 

Hilac to provide fully stripped ions at 10 MeV /nucleon to inject into a 93-

foot-diameter~alternating-gradient synchrotron ring. The particles are then 

accelerated up to energies which can be as high as 500 MeV /nucleon at a pulse 

rate of 60 pulses per second. For ions up to argon, beam intensities should be 

suitable for many bio-medical purposes, but for heavier particles a different 

mode of operation must be used. In this second case very heavy ions with a 

very low charge state are injected into the synchrotron ring from a Cockcroft

Walton accelerator and are brought up to energies of approximately 5 to 20 

MeV /nucleon during one acceleration cycle. The ions would then be injected 

into a smaller alternating-gradient storage ring until the next operation cycle 

when they would then be stripped completely and brought back into the main 

ring and accelerated to a high energy as in the Hilac case. For this type of 

operation the maximum pulse rate is thus only 30 pps. 
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It is hoped that this novel scheme will be so successful that it will be 

possible to avoid using the Hilac as an injector for most ions and so free it 

for its normal operation. If the study shows that this principle can be used 

equally well for all ions, it is worth noting that the construction of this 

accelerator at the Hilac site still results in very important savings in 

construction and operation costs since the present scientific, engineering, 

and operating staffs can serve both machines with only a modest expansion 

in personnel. In addition the expanded shop facilities which will be avail

able with the completion of Hilac Increment IV in 1965 can be adapted to 

serve most of the experimental needs of both accelerators. We expect that 

most experimenters would probably use both accelerators so that much 

complicated electronic equipment such as an on-line computer can be 

readily shared by both groups and so result in further economies. 

Low-energy operation at the Omnitron would be accomplished simply 

by slowly extracting the beam from the storage ring between cycles. The 

storage ring when used in this manner would serve to provide an almost 

continuous beam, an important characteristic for low-energy nuclear physics 

experimentation. An inherent property of this system is the ability to 

alternate modes of operation so that, in principle, it would be possible to 

deliver beam to two experiments simultaneously. Many bio-medical ex

periments require very small beams,which is a condition that could be met 

by accelerating only one pulse of many to high energy while the bulk of 

operation is devoted to low energy. In certain favorable instances even 

different ions could be used simultaneously. The Omnitron, being a 

synchrotron, can vary its output energy continuously and simply over a very 

wide range by changing the time of extraction. Furthermore, since the 

machine has a large orbit diameter with tiny radial oscillations, its energy 

resolution should be excellent, probably better than 0.2o/o without analysis. 

This characteristic can be vitally important for certain low-energy physics 

experiments. 

This report represents the present thinking concerning the design 

considerations of the Omnitron and is a result of studies conducted by the 

scientific and engineering staffs of the Hilac together with scientists of the 

Bio-Medical Group at the Lawrence Radiation Laboratory. This report is 

an outline of some of the design features of the machine and a first 
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assessment of the difficulties that will be encountered in design and 

construction. It is clear that further very detailed studies of the design 

parameters are needed before such an accelerator can be constructed. 

-3-
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ANTICIPATED RESEARCH PROGRAMS 

The research applications presently envisioned for the Omnitron can 

be divided roughly into two main categories. One encompasses the bio

logical and medical research programs which will principally make use of 

the high-energy beams. Broadly speaking, this program is concerned with 

applications directed toward therapy, diagnostics, and basic mechanisms. 

The other covers a very broad variety of nuclear physics programs which 

will principally make use of the low-energy beams. These researches are 

directed at the elucidation of problems concerning nuclear structure and 

nuclear forces. In addition to these main lines of research effort, the 

Ornnitron can be very helpful to other agencies (e. g., NASA in the testing 

and calibration of space probe devices). The following sections discuss in 

detail some of these possible research projects. 

Biological and Medical Research Programs 

Historical Background 

The biological and medical programs that are anticipated for this new 

machine stern from the earliest beginnings of particle accelerators. Sci

entists in these fields not only were instrumental in the support of the first 

large cyclotrons, but in addition the staff of the Lawrence and the Donner 

Laboratories spearheaded the development of two entirely new fields: the 

biokinetics of radioactive tracers and the biological applications of heavy 

ions in research and therapy. The initial discovery and/ or production of 

certain radioisotopes at the Berkeley Cyclotron (C 
14

, H
3

, Na 
24

, p
32

, I
131

, 

and many others) led to the early developments of the radioactive tracer 

techniques, beginning at Berkeley with studies on turnover of Na
24

, P
32

, 

and I
131

, and to therapeutic applications by J. H. Lawrence and associates. 

In addition, studies of the biological effects of accelerator -produced radia

tions led to the early demonstration of the special biologic effectiveness of 

neutron radiation (1935) and to a systematic study of the effects of heavy, 

charged particles. As early as 1942 bacterial cells were exposed to 

charged particles (alpha particles) at the 60-inch cyclotron. In 1946 the 

Berkeley staff initiated further investigations into the biological effects of 

accelerated protons, deuterons, and alpha particles. In 1948 mammary 

tumors in mice were successfully treated with Bragg-peak deuterons. In 

1953 living cells were first exposed to accelerated carbon ions. It was soon 

recognized that charged heavy particles of much higher energy should be 

explored again in therapy, and in 19 54 accelerated protons were used for 
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the first time in a human patient to administer pituitary irradiation for treat

ment of advanced metastatic mammary cancer. This work has continued 

with the resulting successful treatment of several diseases. In 1957 a 

systematic investigation of the biological effects of even heavier particles 

was initiated at the then new Hilac. 

As knowledge gradually accumulated it became clear that in addition 

to the early observations of greater relative biological effectiveness (RBE), 

heavy ions proved to have other qualitative and quantitative differences when 

compared to gamma-ray- and X-ray-produced tissue ionization. It is in

creasingly clear that heavy particles with their particular physical properties 

open up to investigation new fields at virtually every level of biological in

quiry. The interaction of these particles with biological tissue is related to 

their high-linear-energy-transfer (LET) properties. At high LET a quantita

tively different mode of both excitation and ionization seems to occur in 

matter; as a result it is found that the effects of heavy particles on crystals, 

on organic molecules, on proteins, and on living cells involved different 

molecular mechanisms than the effects of lightly ionizing rays. In animals 

the heavy particles proved to be uniquely suited to produce sharply localized 

radiation lesions, a property of definite importance in basic studies of the 

brain and nerve tissue. The sharp localization of lesions also offered novel 

procedures in radiation therapy, and therapeutic procedures have been intro

duced for eight different diseases with gratifying initial results. A general 

interest in heavy-particle biology has developed in spite of the paucity of 

suitable accelerators; this interest became intensified when it became known 

that the Van Allen radiation belt and solar flares have intense fields of protons 

and alpha particles, and that very heavy ions occur among the cosmic rays 

impinging at the top of the atmosphere. 

Experience has taught us that monoenergetic, well-focused beams are 

most efficient for the purpose of making therapeutic and investigative radio

lesions. Yet there are no accelerators available that deliver such beams in 

the desired energy range, except at very low intensities or at a few discrete 

energy levels. The state of accelerator art has limited scientists up to the 

present to investigations with heavy beams below atomic number 18 (argon). 

It appears that studies with higher atomic numbers should also yield novel 

and important results. With the exception of protons and alphas, the ions 
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that are currently available have such low range that animal or plant radia

tion studies involving other than surface exposure are excluded. Also there 

is no source of suitable heavy ions, producing enough penetration along with 

sufficient LET, to test the question concerning the absence of an oxygen 

effect in the radiation therapy of inoperable neoplastic disease. 

The proposed new accelerator will furnish monoenergetic beams with 

variable energy of essentially all nuclei up to and including uranium. The 

range penetration for the heavier elements will greatly exceed that currently 

available in accelerators anywhere in the world. And, finally, the pulse 

timing of the machine promises to help solve certain problems important 1n 

understanding the atomic and molecular mechanisms involved in radiation 

effects. The Bio-Medical Group regards this novel machine as ideal for 

purposes of radiobiology and nuclear medical therapy to an extent not even 

hoped for three years ago when the first Berkeley very-heavy-ion accelerator 

study was initiated, and was under discussion with the Director of Biology 

and Medicine of the AEC. 

Radiological Properties of the Proposed Accelerator 

There are several principal areas in the fields of medical and bio

logical research where the fast, charged nuclei made available by the 

special features of the proposed accelerator can be of great value. Some of 

these fields are cited below, along with brief explanations of how these par

ticles will aid their future development. 

1. Production of localized lesions in medicine and biology 

Heavy particles, with their ability to produce localized radiolesions in 

the brain, pituitary gland, and elsewhere in the body, can improve experi

mental therapeutic techniques and allow extension of the medical research 

now in progress to include a number of disease processes not adequately 

studied so far. Such lesions may be produced by a penetrating sheath of 

heavy particles which cause radiation effects in a 11 cutting 11 plane, or by the 

Bragg ionization peak of heavy particles which produces a laminar lesion 

without scarring (a lesion running parallel to the surface of the tissue at a 

predetermined depth). A third method consists of allowing the beams to 

converge at the apex of a cone, such as is done in the therapeutic pituitary 

irradiation procedure. All three procedures gain in efficiency when the 

lesion can be kept to a minimal size and the demarcation edge of the radiation 
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field between irradiated and unirradiated tissue can be kept as narrow as 

possible to avoid scar-tissue formation. 

At the present time particles with a single, discrete energy (e. g., 

900 MeV alpha particles) are available at the Berkeley 184-inch cyclotron. 

Because of the properties of particles produced by this accelerator, however, 

the beam is not parallel, but divergent. Interposed absorbers are used to 

adjust the depth of penetration of the beam and, as a result, the straggling 

and scattering of the particles is much greater than desired. 

The proposed new machine is designed to produce radiation lesions 

very near to the theoretically attainable ideal. Variable particle energy will 

be provided from 6 MeV up to 500 MeV with a very small energy spread, and 

thus monoenergetic particles can be selected for each desired depth penetra

tion. Range straggling will be kept to a minimum. The Bragg ionization peak, 

which produces the lesion, will be higher and narrower than is possible with 

the present accelerators. The strong-focusing features of the machine will 

mean that the production of parallel or converging beams can be readily con

trolled. The ability to use particles of various energies and atomic numbers 

will allow for minimizing the scattering and for maintaining sharp beam 

boundaries. Among its other advantages, the new accelerator will make 

possible certain procedures in the brain which were previously considered 

unsafe or impossible. 

In the "heavy-particle pituitary irradiation procedure" developed in 

the Berkeley medical laboratory, and used in human patients for over 10 

years, it is important that maximal radiation be given to the pituitary (a 

gland which lies at the base of the skull in a rather inaccessible region of 

the head) and that the surrounding structures including the cranial and optic 

nerves, the hypothalamus, and the temporal lobe be protected. This proce

dure has already given encouraging results in some diseases regarded as 

incurable. The alpha-particle beam from the cyclotron is the best thera

peutic tool available anywhere for acromegaly; it has helped many patients 

with malignant diabetes mellitus who had developed the vascular complication 

of diabetic retinopathy, a condition not usually controlled by anti-diabetic 

drugs; it has proved to be of definite value in the treatment of Cushing' s 

disease and of malignant exophthalmos. We have attempted pituitary ablation 

in many patients with metastatic mammary carcinoma and have achieved 
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good remissions in some cases; however, at the present time the dose which 

we can safely deliver to the pituitary is limited because of too much scatter, 

which might lead to damage of structures surrounding the pituitary. We are 

certain that with the new machine a substantial improvement can be made in 

pituitary treatment methods which, in turn, might lead to safe therapy for 

uncontrolled endocrine -activity-linked cancer and to experimental studies on 

malignant hypertension and other diseases. 

Experimental radiolesions in animals appear to be the key to our 

knowledge of many normal and pathological processes in the central nervous 

system and elsewhere in the body. The better understanding of such proc

esses may lead to new therapeutic approaches. Radiation lesions have ad

vantages in that the trauma of surgical operation is absent and the neuronal 

and circulatory pathways are not interrupted except at the site of the lesion. 

Other potential studies are almost unlimited and we will cite only a 

few examples here. 

(a) The clue to the cause of tremors in Parkinson's disease, for example, 

appears to be in local, functional, neurological disturbances. A detailed 

investigation with radiolesions on the etiology and alteration of this syndrome 

may lead to better radiation therapy in humans. 

(b) The hormonal control of many physiological functions depends upon 

hypothalamic homeostatic mechanisms. The production of localized lesions 

can add further information on the nature of this control mechanism. 

(c) We do not understand the reason for laminar organization of gray 

matter in the brain or the role of different types of cells in brain functions. 

Laminar and cutting lesions may illuminate some of these problems and 

provide answers concerning the functions performed by the thalamus, the 

rhinencephalon, the cerebellum, and the brain stem. 

(d) When the brain is injured, then irreversible, necrotic processes lead 

to liquification of cells and formation of scar tissue. Localized lesions, with 

absence of bleeding, have already proved an excellent means to study this 

process. 

(e) Epilepsy is sometimes aggravated by scarring produced either in 

response to an injury or following a surgical procedure. With the avail

ability of controlled-energy, heavy-particle beams we may someday be able 

to treat this condition by selected heavy particles. 

-8-
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2. Heavy particles with high LET for cancer therapy 

Another broad interest in heavy-particle beams lies in the fact that 

with the increasing atomic number the heavy particle 1 s interaction with 

matter, expressed as "linear energy transfer" (LET), also increases rapidly. 

High-LET radiations have special value because of their possible role in 

cancer therapy. The new accelerator will be the first source capable of 

producing very-high-LET particles with sufficient penetration to reach deep

lying tumors. These particles will encompass a 10,000-fold variation in 

LET. 

The rationale for use of high-LET radiations becomes apparent when 

the cellular responses to radiotherapy are examined. Conventional radiations 

(X rays and gamma rays) cause mammalian cells to be killed either by an 

"irreversible" mechanism or as a result of several simultaneously occurring 

"reversible" lesions. The irreversible lethal action is due to a single ionizing 

event injuring a vulnerable part of the cell nucleus. The second type of 

lethal effect is accomplished by the superimposition of several, perhaps 

three to six, sublethal injuries. The radiations used in conventional therapy 

exert their effect predominantly by the reversible mechanism; therefore, in 

the protracted irradiation schedule generally practiced in radiology the cells 

which are partially injured one day may essentially recover by the next day. 

The daily dose increment is usually modest, and thus it is difficult to kill all 

of the cells in a tumor with conventional radiation .. Furthermore, the ef

ficiency of this type of lethal effect depends to a great extent upon the oxygen 

supply to the cells, the anoxic cells being about three times as resistant to 

X rays and gamma rays as are the oxygenated cells. It has been demonstrated 

that the most rapidly proliferating regions of tumors are often anoxic, and 

as a result they would receive relatively less lethal effect. 

Studies with the Hilac on normal cells grown in tissue culture and on 

normal and neoplastic cells grown in the living animal have led us to the 

conclusion that radiations with high LET produce most of their effect by 

single-particle, irreversible lethal effect. Moreover, as the LET in

creases the "oxygen effect" decreases. The oxygen effect rapidly decreases 

above an LET of 50 keY/micron, where it is 1.5; it is not demonstrable 

(less than 10o/o) at an LET of 200 keV /mi~ron. A further characteristic of 

high-LET radiation is that there is very little sublethal injury or recovery 

following administration of .high-LET particles. 

-9-
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Up to the present time there are no radiation sources available that 

can produce particles with average LET's above 50 keV /micron over an 

appreciable depth in tissue. It has been claimed that recoils from fast or 

slow neutrons might be used therapeutically; however, our calculations in

dicate that these radiations are only capable of producing "mixed" LET' s 

with an average of about 10 to 20 keV/micron, an LET at which the oxygen 

effect is two-fold. Likewise, pi mesons produce an average LET of some

where on the order of 70 keV /micron. The design parameters of the new 

machine will allow acceleration of heavy nuclei (e. g., neon) with sufficient 

depth penetration so that a considerable depth of tumor tissue (4 to 5 inches) 

can be covered with an LET greater than 50 keV /micron, if cross -firing 

techniques are also used. The quality of these particles is such that at the 

point of entry, the skin, there is a lower LET, and thus the skin can be 

partially protected at the same time that the oxygenated and anoxic cells at 

the location of the tumor are equally and irreversibly affected. 

It is recognized that. effective radiation therapy of cancer depends upon 

many factors, ~mong them the successful diagnosis of the complete extent of 

the tumor and the prevention of rapid metastases to remote parts of the body. 

Heavy ions do not offer solutions to these sometimes insurmountable problems; 

nevertheless, these heavy ions do appear to promise definite improvement in 

therapy when the tumors are localized, deep-seated, and anoxic. 

3. Heavy ions for studies of cellular and molecular radiobiology 

The areas of cellular and molecular radiobiology are being actively 

pursued at the present time with particles from the Hilac, and the avail

ability of heavy ions up to and including uranium would add substantial inter

est. Heavy ions produce lattice defects in inorganic solids that have different 

properties from those produced by other methods. Their effects on organic 

lattices, macromolecules, lipid membranes, enzymes, and various support

ing media {e. g., water) are not only of high intrinsic value, but also add to 

our knowledge concerning the normal and abnormal mechanisms of the 

biological action of these substances. For example, studies of excited states 

of rna cromolecules following radiation by methods of electron spin resonance, 

thermoluminescence, electrical behavior, and so forth, are already yielding 

worthwhile information. 

At the cellular level the Bragg ionization property of heavy ions is 

again of importance. Microbeams, or even individual particles, can cause 

-10-
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substantial injury inside a cell without interfering with the intervening 

structures. For the past 60 years such radiation studies have yielded much 

fundamental information, particularly by observing the altered physical, 

chemical, and biological behavior of irradiated cells. By use of low-LET 

radiations many new facts were learned about the role of the nucleus, the 

production and control of mutations, and the biochemical control of self

duplication. We anticipate that there is much still to be learned from cellu

lar studies using heavy ions. 

There is further knowledge to be gained in the field of development and 

differentiation. The use of heavy ions for intracellular radiation of either 

specific loci in egg cells or local regions in embryonic organisms may con

tribute to our understanding in this field. We already know that heavy-ion 

radiation is a potent agent in producing congenital abnormalities. The high 

incidence of abnormal development in humans stresses the importance of 

obtaining further knowledge in this area. 

Another potential use of heavy-ion beams that has already been ex

plored in a preliminary fashion is their ability to initiate active biological 

processes (nerve action potentials, and muscle contractions) when the beam 

is of sufficient pulse intensity. These phenomena can all be explored at the 

cellular level with microbeams and at the tissue level in the brain with beams 

having adjustable range penetrations. We are reasonably certain that this 

tool will be of real value to fundamental investigations in the animal brain. 

We do not yet know its potential in diagnostic procedures in the human; this 

will depend upon the actual threshold of brain excitation in man. 

4. Space radiation biology: 

Predominant components of radiations emanating from the sun and 

from outer space include protons, alpha particles, and heavy nuclei (up to the 

middle of the periodic table) in energy intervals similar to those available 

from the proposed accelerator. During long space missions significant doses 

of each of these radiations will be encountered. At the present time, in a 

joint NASA-AEC program, the laboratory is already making a contribution 

to the solution of solar-flare and other hazards. The new accelerator, 

particularly because of its ability to furnish high-energy, high-atomic

number particles with controlled range penetration, will significantly add 

to the potential in space radiation biology. 

-11-
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A number of interesting Coulomb-excitation measurements will be 

made possible by the availability of heavy nuclear projectiles having the 

appropriate energy. By the way of illustrating these possibilities, we will 

compare briefly the excitations produced by bombarding u238 
with 80 MeV o 16 , 

190 MeV A 40, and ~ 1. 2 BeV u2 38
. For a single E2 excitation in the target 

nucleus, u238
, of a level lying below about 1 MeV, the relative probabilities 

for excitation (provided they do not approach unity) for the above projectiles 

and energies are: o16 /A 40 /u238 = 1/5/6 5. This difference, in the case of 

a single excitation, is generally compensated to some extent by the possi

bility of using more intense beams of the lighter projectiles. Furthermore 

(surprisingly), the use of u238 
projectiles for exciting higher-energy levels 

is less advantageous than above, as is also true for excitations of higher 

multipole order. For single excitations, therefore, the advantages of the 

very heavy projectiles are appreciable but not extremely large. 

The advantages are enormous, however, for multiple excitation. The 

above relative probabilities (again assuming probabilities small compared 

with unity) apply to each step of the multiple process. Furthermore, more 

intense beams of the lighter projectiles cannot compensate in multiple processes 

for the higher probability provided by the u238 projectiles. The ground-

state rotational band of u238 
has been excited (using Nal detectors) up to 

about ~he 8+ level with o 16 
projectiles and the 12+ level with A 

40 
projectiles. 

By using u238 
projectiles the 24+ or 26+ state should be detectable by using 

the same techniques, and the new Ge counters may mean that one or two 

higher states can be identified in each case. Rotational states above spin 

16 or 18, previously completely unobservable, can shed considerable light on 

the nature of nuclear rotation. A new possibility provided by the u238 
pro

jectiles would be to multiply excite the collective (vibrational) states at 67 9 
. 238 

(octupole), 993 (beta), and 1058 (gamma) keV in U . Such higher vibrational 

states are almost completely unknown at present. 

In summary, the use of very energetic heavy projec;tiles is extremely 

advantageous for multiple-Coulomb-excitation studies. We have considered 

above the particular nucleus u238, but the gains are comparable for oth~r 
nuclei. Not only can the present type of measurements be extended (as in 
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the ground state rotational band of u238
), but qualitatively different types of 

data can be taken (as in the multiple vibrations}. Such measurements should 

provide new information pertaining to many problems of nuclear structure. 

Rare-Nuclide Production by Super-Heavy Ions 

Many nuclides can be produced by nuclear interaction between complex 

nuclei. Such interactions may be divided into two general classes, one 

characterized by complete fusion (CF} and the other by incomplete fusion 

(ICF} of ion and target nuclei. The nuclei thus formed will decay either by 

nucleon evaporation followed by y-emission to the ground state or isomeric 

·state of some nuclide or by fission followed by a similar nucleon and y

emission from the fragments. The nucleons are most often neutrons, and 

it is generally accepted that in regions where fission is possible it will 

compete with neutron emission at each step in the cascade. As a consequence 

of this competition it is found that the higher the initial excitation the smaller 

is the probability that a nucleus will survive fission. The reactions that are 

important for the production of rare nuclides in the region of the elements 

beyond Pb will be: 1. CF, x neutrons out, 2. . CF, fission, and 

3. ICF, mainly charged particles out. These are discussed in the fol-
' 
lowing sections. 

1. CF, x neutrons out 

The first scheme is well known and was used in the discovery of 
. 12, 13 10 11 

elements 102 and 103. The reactions used were (C , xn} and (B ' , xn}. 

Compound nucleus reactions of this type have been studied with ions as 

heavy as Ne
22

• In general it has been found that the cross-sections for the 

production of a given nuclide by a (CF, xn) reaction decreases with increasing 

Z of the bombarding ion for the cases where the projectile is small compared 

to the target nucleus. However, to produce a light isotope of a heavy ele

ment, it might be more profitable to produce it via a (CF, xn} reaction be

tween two medium-heavy nuclei than between a light and a heavy nucleus 

since the former reaction produces a very neutron-deficient compound 

nucleus of relatively low excitation energy. 

illustrate this important point. 

The following example will 

86 114 [ 2oq ~:' 

B. Light + heavy 

36 Kr + 48Cd -- 84Po J 

11 197 [ 2osl ~:' 
5B t 79Au - 84Po J 

A. Medium heavy + medium heavy 
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In Case A, one estimates that at a laboratory energy of 321 MeV the 

CM energy will be equal to the Coulomb barrier of 183 MeV. The Q value 
zoo~:~ 

for the reaction is -163 MeV and hence the excitation energy of Po will 

be ,around 20 MeV. This nucleus will most probably emit two neutrons and 

the final product will thus be Po
198

. In Case B to make Po
198 

there must be 

10 neutrons emitted and this requires a B 
11 

energy of about 150 MeV. The 

b f P 
198 1 . h . h f' . . . '11 b num er o o nuc e1 t at surv1ve t e 1ss1on competltlon w1 e very 

small; crude estimates indicate the cross-section to make the desired 

isotope to be larger in Case A than in Case B. Another important advantage 

is that isotopes heavier than 199 are completely eliminated. Case A is even 

more favorable for isotopes lighter than 198. 

For the heaviest elements Case A could become of great interest for 

the very-neutron-deficient nuclides. For example, if we make the compari-

son 

with 

it is clear that the latter reaction is impossible because of the severe fission 

competition. It is difficult to calculate with any certainty the cross -section 

for the former case but it appears to be quite usable. It has the further 

advantages that the target material is nonradioactive and the recoiling 

products will have substantial ranges. 

2. CF, fission 

Production of new elements with masses on the neutron-excess side 

of stability appear possible by this mechanism. By bombarding u238 
with 

u238 ions a super-heavy compound nucleus could be formed that will decay 

by fission. In asymmetric fission, nuclei heavier than u238 
would be 

formed, such as element 110: 

U238 + 238 _. 476 ,,, u [184 ]"' 92 92 - Q = -37 MeV 
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The Coulomb barrier is around 656 MeV. This means that the u238 

projectile has to have a laboratory energy greater than 1310 MeV before it 

can fuse with the uranium target nucleus. The primary fragments will be 

emitted in the CM system with a total kinetic energy that is around their 

mutual Coulombic potential or around 634 MeV. The net result is that the 

fragments will be left with essentially no excitation energy and hence the 

110285 
will be produced close to its ground state and will therefore not 

fission. Only a very crude estimate can be made for the cross-section to 

produce such heavy nuclides. Assuming a 0.01% fission yield of 110
285 

and a compound nucleus cross -section of around 1 millibarn at the barrier 

the overall cross-section is of the order of 0.1 microbarn. 

3. ICF, charged particles out 

This interaction can also be described as a multinucleon transfer 

reaction and can be important in forming nuclides close to the center region 

of beta-stability. For example, the important though rare isotope Fm 
257 

. . 252 13 257 
has been produced at the H1lac by the reactwn Cf (C , 2a)Fm . It is 

likely that even heavier masses will result with the use of heavier particles. 

It is also possible that the hypothetical nucleus 110
285 

postulated in 

the preceding example could be formed directly in transfer reactions; i.e., 

u238 + 84 -+ [ 128322(!~ 18:e. 110285 
92 36Kr 19n . 

or 

u238 + 
54Xe 

136 -+ [ 146 37 4] ~:~ 36p 110285 .. 
92 53n ' 

but there are great difficulties in estimating'possible cross -sections. 

Nuclear Reactions 

The use of heavier projectiles than are now available and of higher 

bombarding energies for present ion beams will make available a wider 

range of nuclides in the neutron-deficient region of the periodic table. Since 

the majority of these will be very short-lived, nuclear decay scheme studies 

of them will require fast techniques. Mass spectro~etry (eventually of the 

recoiling product nuclei themselves) will have to replace chemical separa

tions, and spectra will have to be taken by multidimensional methods. 
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These techniques are, however, now becoming available. With such beams, 

new neutron-deficient regions of deformed nuclei can be studied as well as 

a very large number of spherical nuclei and transitional nuclei. Such new 

data would allow a more stringent test of present-day nuclear models, such 

as a comparison of results in the spherical nuclei with the predictions of the 

pairing-plus-quadrupole model of Kisslinger and Sorenson. 

It may also be possible to extend the present in-beam spectroscopic 

methods to the highly neutron-deficient region. This will probably have to 

take place via reactions involving charged-particle emission as well as the 

presently studied neutron-out reactions, since in such neutron-poor regions 

the emission of charged particles, alphas and protons, becomes competitive 

with neutron emission. 

The study of isomers which live into the intervals between beam bursts 

(half-lives of tenths of milliseconds to seconds) will, of course, be expanded 

greatly, as these can be observed quite clearly without interference from the 

prompt cascades. This half-life period is of considerable interest as it in

cludes most electric -octupole and many magnetic -quadrupole transitions of 

moderate energies. 

Finally, it should be mentioned that the use of heavier projectiles 

brings an increasing amount of momentum, both angular and linear, to a 

compound nucleus formed in the reaction. This feature can be exploited in 

a very simple manner to give information available in no other way. For 

example, a much enhanced Doppler shift results with gamma rays and con

version electrons emitted from the recoiling nucleus. This shift may be 

used to measure the half-lives of the first excited states of the final nucleus. 

A method Hilac experimenters are currently using involves allowing the 

conversion electrons from the recoiling nucleus to pass through two grids 

placed near the target before entering the electron spectrometer. The first 

grid is kept at 10-25 keV negative potential and placed 2-10 mm from the 

target, and the second grid is grounded and placed about 15 mm beyond the 

first. Those electrons emitted by the recoiling nucleus gain in energy an 

amount which is proportional to the distance traveled by the nucleus from 

the target before the electron is emitted. Analysis of the resulting shifted 

conversion line spectrum allows a value for the half-life of the transition 

to be calculated. If, instead of irradiating a heavy target nucleus with a 
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relatively light projectile, one irradiates the light nucleus with a heavy 

projectile, one gains in this measurement two ways. First, the recoiling 

nuclei are moving - 10 times faster so that the measurement can be pushed 

to shorter half-lives, perhaps to - 5 X 10-
13 

seconds (current limit - 10-
11 

sec). Second, thicker targets can be used, since the recoiling nucleus has 

more energy and so a greater range; this means a greater yield and thus 

better signal-to-background ratio. The above discussion is one example of 

the possible ways one can use the large momenta of beams of very heavy 

projectiles. 

Mechanisms of Reactions Between Complex Nuclei at Ultra-High Energies 

It is known that there is a qualitative difference in the interaction of 

protons with complex nuclei when the proton energy increases above about 

50 MeV. Compound-nucleus formation dominates at low bombardment ener

gies. A two-step, fast-cascade -plus -evaporative -de excitation mechanism 

dominates at higher energy. In the first step the incoming proton interacts 

with a single nucleon in the target nucleus and initiates a cascade of elastically 

scattered particles inside the nucleus. Inelastic collisions can lead to meson 

production. In the second, slower stage the energy of the struck nucleus is 

discharged by evaporation of nucleons or small clusters of nucleons. Fission 

and fragmentation can also occur. 

In reactions induced by heavy ions up to the energies presently avail

able (10.4 MeV /nucleon) the reaction is dominated by compound-nucleus 

formation or simple transfer of nucleons. These mechanisms must give 

way to more complex ones as the energy per nucleon rises to high values, 

such as > 50 MeV /nucleon. We may expect that individual nucleons or small 

clusters of nucleons in the projectile will set up independent fast cascades 

with individual nucleons or clusters of nucleons in the target nucleus. The 

overall complexity of the cascades will be much greater than in the case of 

high-energy proton bombardment. It will be of great interest to: 

(a) study the consequences of such cascades by radiochemical measure

ment of products, by recoil range studies, and by particle -detector experi-

ments; 

(b) learn whether or not meson production plays any role in the interactions 

between complex nuclei at these high energies; 

(c) investigate reactions of fragmentation induced by complex particles. 
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Data obtained in such experiments will have some applications to 

astronomy and cosmology. For example, in the explosion of supernovae 

complex nuclei are accelerated to extremely high energy. The interaction 

of such nuclei in past supernovae may have led to products which make a 

significant contribution to the distribution of elements (and of isotopes} ob

served in our solar system. Some components of the cosmic -ray spectrum 

consist of nuclei considerably heavier than alpha particles accelerated to 

energies considerably above 10 MeV /nucleon. It would be interesting to 

know the ultimate fate of such particles when they collide with other complex 

nuclei. 

Meson Physics 

The Omnitron could contribute to meson physics in at least two ways. 

One of these is the study of the mechanism of production of mesons in the 

interaction of complex nuclei at high energy. The measurement of the 

characteristics of the mesons-the excitation function, multiplicity, angular 

distribution, energy distribution-would be worthwhile. 

The Omnitron could also be used as a source of mesons. The pre

dicted proton beam intensity of one microampere is much greater than the 

external beam presently available at the Berkeley 184-inch cyclotron. From 

the viewpoint of nuclear chemistry this increased beam intensity would make 

possible a whole series of experiments to study the interaction of pions with 

complex nuclei. Pions of high energy initiate a complex cascade of energetic 

nucleons in the interior of nuclei in much the same way that high-energy 

protons do. Such reactions lead to a wide variety of products. The nuclear 

chemist would be interested in -the characteristics of these products as a 

clue to the nature of the reaction mechanism. The similarities and differences 

of pion- and proton-induced reactions are also of interest. 

Pions can also serve as a probe of internal nuclear structure through 

the study of simple reactions such as (-rr, '!Tp}, ('IT, '!Tn}, etc. 

Neutron-Deficient Alpha and Proton Emitters 

Bombardments with very heavy particles should lead to the discovery 

of radiations of many new alpha emitters and also many proton-emitting 

isotopes·. As an example, the bombardment of Tb
159 

with only ~ 420 MeV 

Ar 
40 

ions could lead to the discovery of isotopes as light as ~ Bi 
180

, 

perhaps a dozen new isotopes for only this one element. For the lightest of 
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these bismuth isotopes, proton emission would be expected to compete very 

favorably with alpha emission. 

With argon to krypton projectile beams of up to 500 MeV per nucleon, 

it seems quite possible that radiations from hundreds of new isotopes could 

be detected. With many of the isotopes, proton emission would be detected 

and in many cases would be the major mode of decay. 

Studies of this latter type of phenomenon should open up whole new 

regions for investigation. 
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A POSSIBILITY FOR SUPER-HEAVY ELEMENTS 

W. Swiatecki and W. Myers 

Recent studies of the possible stability of extremely heavy 

elements, (based on a new semi-empirical nuclear mass formula of Myers 

and Swiatecki) indicate that there is some chance that a number of new 

chemical elements with atomic numbers in the neighborhood of Z = 116 to 

126 and atomic masses around A = 300 to 310 might be sufficiently stable 

to be produced in significant amounts in reactions induced by heavy ions. 

This possibility arises because of new estimates of spontaneous fission 

half-lives and fission barriers for elements in the neighborhood of the 

magic numbers Z = 126 and N = 184. These estimates are based on a 

semi-empirical theory of nuclear masses and deformations which, in the 

past year, has been shown to be rather reliable for interpreting the 

properties of known nuclei and which, when applied to the region of 

super-heavy nuclei with Z ~126, predicts fission barriers as high as, 

or higher than, the barriers that assure the stability of the ordinary 

elements around Thorium and Uranium. 

Half-lives against alpha decay would be reasonably long and it 

appears that if the difficulties in producing the super-heavy nuclei 

can be overcome there is a fair chance that, once formed, their half-

lives would be sufficiently long to make them the objects of conventional 

chemical investigations. 

The only possible method in attempting to produce these super-

heavy nuclei would seem to be the use of heavy ions. 'rhe least massive 

heavy ion necessary would be in the neighborhood of Kr~~ (used with Th~~2 

as target). Optimum conditions would probably be realized by using 

rare-earth heavy ions, for example a Gd~'8ion on Gd~'S as target. 

(Last--minute insertion) 
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DESCRIPTION OF OMNITRON 

Minimum General Requirements 

The initial design of this accelerator was guided by certain minimum 

general characteristics dictated by the needs of the Bio-Medical program 

and the anticipated future Nuclear Chemistry heavy-ion projects. 

requirements are as follows: 

(a) Energy: 

At least 400 MeV /nucleon for all ions M < 40, 

at least 15 MeV/ nucleon for all ions M.::::; 129. 

These 

For the high-energy beams used in biophysics experiments, the 

energy spread must be such that it does not contribute significantly to the 

variation of particle range in tissue. The energy spread for the low

energy beams should not exceed O.So/o, and 0.1o/o is desirable. For var

iable energy: 

1 - 15 MeV /nucleon 

15 - 100 MeV /nucleon 

100 - 400 MeV /nucleon 

(b) Duty Factor: 

1 - 15 MeV /nucleon 

15 - 400 MeV /nucleon 

Continuously variable, 

10 MeV /nucleon steps, 

50 MeV /nucleon steps. 

At least 70o/o with no rf structure 

The beam pulse should be short com

pared to biological response times 

(::::: 10- 3 second). 
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(c) Beam Intensity: 

Although for both biophysics and physics experiments considerably 

less beam is useful, the system should not have inherent characteristics 

which limit particle fluxes to less than the following: 

1 - 15 MeV /nucleon 100 - 400 MeV /nucleon 

Alphas 10
11 

particles/ sec 2 X 10
11 

particles/ sec 

Protons 7.5X10
11 

Carbon 1011 2 X 10
10 

Neon 1011 7.5 X 109 

Argon 10 
11 

2 X 109 

11 
10

8 Krypton 10 

Xenon 1-010 10 7 

We feel that the present design of the Omnitron will produce an ac

celerator which will exceed these specifications. It appears now that the 

machine should be capable 'of accelerating even uranium ions, though this 

may require three-cycle operation to obtain usable intensities. The energy 

spread of the ion beams should be very small-less than 0.2%, even with

out magnetic analysis. The energy can easily be varied continuously over 

the full range by varying the acceleration time. We feel that the beam in

tensities needed can eventually be exceeded substantially by future im

provements in the design after the machine becomes operative. 
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Accelerator Ring 

The parameters of the accelerator ring are shown in Table II. The 

maximum energy requirement for biophysics experiments of 400 Me"o/nucle

on for A 
40 

with charge/mass ratio € = 0.45 has fixed the maximum Bp of 

2.85 X 106 gauss -inches. With the Hilac as an injector the minimum re-

d . 1 4 5 . h' h quire Bp is approx1mate y X10 gauss-1nc es. However, t e magnet de-

scribed should maintain proper field configuration with guide fields lower 

than 1.7X10
5 

gauss-inches. 

The equations describing ~.ingle-particle dynamics in a synchrotron 

alternating-gradient ring indicate that with the exception of slight variations 

for relativistic particles the motion is independent of E. 

Figure 2 is a plot of Bp and 13 vs energy/nucleon for particles of 

various E. Particles of any E can be injected into the accelerator with a 

minimum energy of 3 €
2 

MeV /nucleon and will attain a maximum energy of 
2 

2000 E MeV /nucleon. 

When used for the acceleration of heavy ions (Z > 20), for which the 

production of high charge states is extremely difficult, the ability to accept 

particles of low E is of extreme importance. Low-velocity injection is 

also an advantage for these ions in that the total injected charge is propor

tional to the orbit period. 

Low beam intensity is a characteristic of the alternating-gradient syn

chrot'ron, and the repetition rate of the proposed accelerator has been de

signed with the maximum rate deemed feasible. A discussion of the charac

teristics of the accelerating resonators and magnets and the elements lim

iting repetition rate is given below. 

Storage Ring 

The requirement for a high duty factor to make counter experiments 

feasible can be met by the addition of a storage ring. The proposed ring 

consists of magnets similar to those of the accelerator ring. The 

reduction of the number of the long straight sections and magnets makes 

possible the construction of a ring with a considerably smaller diameter 

but with the same maximum Bp as that of the accelerator ring. The 

storage ring can then be placed concentric with the accelerator 
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ring, thus reducing costs and simplifying the magnet alignment system. 

The accelerated beam can be ejected from the main ring by using a 

fast pulsed magnet, then injected into the storage ring, and then slowly 

dribbled from the storage ring to the target area during the subsequent ac

celeration cycle. The sequence of this mode of operation is shown in Fig. 

3. 

The efficiency of transfer of the beam from main ring to storage ring 

to target area can be on the order of 50o/o, so that reasonable beam inten

sities can be maintained using this mode of operation. There are, however, 

losses to be expected due to charge exchange and beam scattering during 

the long storage period, but these can be held within acceptable limits with 

sufficiently low pressures. The beam transfer can be accomplished in ap

proximately 2 IJ.Sec, so that essentially de beam can be obtained. 

Multiple Acceleration 

The addition of the storage ring to the accelerator makes possible not 

only de beam but also a bootstrap acceleration. This mode of operation is 

achieved by stripping the fully accelerated, low- € ions, thus decreasing 

their Bp. These ions are strippe~, injected into the storage ring, and held 

for one-half cycle-during which the main ring field decreases-then are re

injected into the main ring for acceleration to higher energies. 

From Fig. 2 it can be seen that this stripping process is possible 

when 

Bp max 
:::::: 

min 28~ 5, Bp 

where Ei' Ef are the initial and final charge/mass ratios. The sequence 

of operation is shown in Fig. 3. 

The repetition rate for this mode of operation is decreased to 30 pps 

and the beam suffers attenuation due to stripping losses, charge exchange 

in storage, and the multiple injection-ejection losses. However, the es

timated intensities possible in this mode of operation exceed the present 

requirements for high-energy, high-mass biophysics experimentation. 
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Limitations on Beam Intensity 

The technique of multiple acceleration, which can be accomplished at 

any momentum, makes possible a variety of modes by which a particular 

ion can be accelerated to a specified energy. For example: 10 Me\fnucleon 

krypton can be produced in one acceleration cycle by injecting +7 ions at 

630 kilovolts; any charge state less that +7 can be accelerated to an inter

mediate energy, stripped to +7 or greater, and accelerated to reach the 

same energy. 

If maximum beam output is required, however, a detailed knowledge 

of source output, space -charge limits, charge -exchange and scattering 

cross sections, stripping efficiencies, and injection and ejection efficien

cies is necessary. Unfortunately, existing information on the•se processes is 

neither complete nor sufficiently accurate to indicate the proper mode of 

operation for ions heavier than neon. Adequate measurement of these pa

rameters cannot be made until the Omnitron beams ·are available. In s.pec

ifying the design parameters of the accelerator -particularly the aperture, 

pulse rate, and vacuum-chamber pressure-to achieve the required beam 

output, conservative estimates were used in the calculation of the space

charge effects and of the beam losses expected due to charge exchange. 

The estimates of beam intensities, however, assume optimum operation of 

the system. 

Space-Charge Limits 

The space -charge limits were calculated by using the equation de

rived by Laslett (see Appendix). For the guide-field configuration and ap

erature chosen, the maximum number of particles per second is 

where 

N = 5.3X10
10 

VR/n, 

V = injector potential in megavolts, 

R = pulse rate, 

n = charge number. 

Allowing for subsequent losses, R and V must be made as large as 

possible to produce the required, 1 X 10
11 

particles/ sec for elements of 

mass less than 20. Thus R was chosen as 60/ sec and V as 2 megavolts. 
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Ion Source and Injector 

With single -turn· injection, the source -injector system should be 

capable of saturating the accelerator; thus 

where 

Thus 

T = injection time 

= 4.4X 10- 6 (E) 1/ 2• 

i ~ 3.6 (E) 
1

/
2 

milliamperes. 
s 

The output of the Hilac ion source exceeds this current for helium, 

boron, carbon, nitrogen, oxygen, neon, argon, and krypton at charge 

states to produce 10 MeV /nucleon and for xenon +7 to produce 6 MeV/ 

nucleon. For other elements, multi-turn injection would produce a higher 

beam intensity. 

Charge Exchange and Scattering 

The estimation of losses from these effects indicates that-over the 

range of E and 13 where appreciable loss is expected-scattering will be 

at least an order of magnitude less important than charge exchange . 
• The beam attenuation due to charge exchange is 

J
T/2 

N/N0 = exp [ -1o
27

P u(l3) 13 dt J, 
where t/2 = acceleration period, 

P = pressure in torr, 

u(l3) = total charge -exchange eros s section. 

The electron-capture cross sections have been measured~:~ for various 

ions at charge states up to +6. In the range 0. 01 < 13 < 0.1 (the low-energy 

Omnitron cycle) very little information exists on the total loss cross sec

tions, especially for lower charge states of the heavier ions. The isolated 

points where electron loss has been measured, together with the detailed 

information on capture, indicate that the product (] (13 )13 

t.~ 
V. S. Nikolaev et al., Soviet Phys. -JETP ~' 695 (1961). 
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-17 2 
remains relatively constant at approximately 10 em over the range 

0.01 ~ (3 ~ 0.07, for charge states up to +6. The beam attenuation thus be-

comes 

10 7 
N/N

0
=exp(-10 Pr/2)= exp(-8X10 P). 

In order to maintain a reasonable transmission of beam in the low-energy 

acceleration cycle, the pressure must be maintained at less than 10- 8 torr. 

The cross section for electron capture at energies of 5 and 10 MeV/ 

nucleon for fully stripped ions with masses up to argon were measured by 
.... 

using the beam from the Hilac. ... These measurements indicate that for the 

high-energy acceleration cycle at injection, the product 0'((3) (3 will be ap

proximately (2-3) X 10-
18 

and will decrease with (3. Measurements for ions 

of Z greater than 18 have not been made. 

Stripping 

Fairly detailed information is available for the charge distribution 

for equilibrium stripping (M < 129) in the velocity range 0.01 < (3 < 0.1. In 

this range approximately 20-30o/o of the ions appear in a single charge state, 

and in all cases the scattering produced by the stripping material is negli

gible. For higher velocities, when the ions become fully stripped an even 

greater efficiency can be expected. Measurement of the Hilac beams 

((3 = 0.148) indicate that at least 9 5o/o of the ions for Z up to 10 (neon) and 

40o/o of the argon ions are fully stripped. 

Beam Intensity 

Assuming the losses and limitations outlined above, and, in addition, 

that the beam injection and ejection for the accelerated beam is on the order 

of 75%, the following estimate of the intensities of the various ions and 

energies is made: 

* H. H. Heckman et al., Phys. Rev. 129, 1240 (1963). 
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Energy(MeV/nucleon) 0-5 

Helium 7.5x1o11 

Carbon 7.5x1o1 1 

Neon 7.5x1o11 

Argon 3 x1o11 

Krypton 1.6x1o11 

Xenon 1 x1o11 

Protons 1x1o11 

Beam in particles per second 

5-10 10-200 200-400 

7.5X1011 4X1o 11 4X1011 

7.5x1o 11 4X10 11 4x1o11 

7.5X1011 4x1o 11 3X10 11 

2 X1011 1.5X1011 7 X1010 

1X1011 sx1o10 4X1010 

7.5x1o1o 5X1o1o 1x1o1o 

1 X1011 1X1011 1X1011 

Hilac Injection 
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500 1300 

4X10 11 

4X1o11 

4X1011 

The anticipated Hilac improvement program includes modifications to 

the source -injection system and the addition of a magnetic quadrupole drift

tube focusing system to the prestripper. These improvements should in

crease the Hilac peak output sufficiently to produce high-energy (::::: 400 MeV/ 

nucleon) beam from the Omnitron at approximately one -tenth to one -fiftieth 

the beams estimated above for M ~ 40. The difficulty in producing appreciable 

quantities of the high charge states required by the Hilac k ~ 0.15) are 

formidable for the elements heavier than argon. Significant beams of these 

elements cannot, therefore, be accelerated in the Omnitron by using the 

Hilac as an injector. 
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DETAILS OF OMNITRON 

Omnitron Building and Site 

The Omnitron building will adjoin the existing Hilac building on the 

southwest side (see Figs. 4-9). This juxtaposition is required so that the 

Hilac may be used as an injector for the Omnitron. This will avoid duplica

tion of facilities, such as mechanical and electrical shops. which already 

exist at the Hilac. Furthermore, this also avoids,to a large extent, duplica

tion of operating and maintenance personnel. This will be a great conven

ience to experimental groups working with both machines. 

The lower or main floor of the Omnitron building, housing the ac

celerator and experimental areas, will be about 20 feet below the main 

floor level of the Hilac building. This gives a good fit to the site contours 

and provides earth shielding on three sides of the main floor. The upper 

floor of the Omnitron building is at the same level as the main floor of the 

Hilac building, providing excellent circulation between the two buildings. 

The two buildings thus become an integrated complex. 

The existing roads in the area of the Ornnitron site will of course be 

relocated to provide the maximum available area. The road which now runs 

from Bldg. 46 to the west of the Hilac will be rerouted so that it will run 

behind the Hilac. This will greatly increase the area for future expansion 

to the west. 

The synchrotron ring and the concentric storage ring are housed in 

the main vault of the lower floor. This vault is an irregular octagon, 108 

feet between sides, with 10-foot ceiling height. As it is anticipated that the 

Omnitron will eventually be capable of accelerating as much as 1 micro

ampere of argon to high energy, it is necessary to heavily shield the ac

celerator. The main vault is therefore shielded with a minimum of 10 feet 

of concrete on the sides and roof wherever shielding is not otherwise pro

vided by earth. The columns supporting the roof are so situated that the 

magnets may be readily surveyed for alignment. Light monorail cranes 

are provided over each magnet ring. The choke serving the synchrotron 

ring is located directly over the center of the machine. 

The beam from the Hilac is steered downwardly through a vertical 

shaft which communicates with a horizontal tunnel which leads into 

-30-



I 

' 

Fig. 4. Perspective view of existing Hilac building (rear) and 
proposed Omnitron building (foreground). 
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Fig. 8. Synchrotron straight section with ejection system. 
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Fig. 9. Section through synchrotron or storage -ring magnet. 
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the Cockcroft-Walton room adjacent the accelerator. From this room, 

then, the beam may be injected into the accelerator from either the Hilac 

or the Cockcroft- Walton. 

The high-energy beam is extracted from the synchrotron ring toward 

the south where it is directed into the high-energy experimental area. 

While this area requires further study, present thinking indicates that it 

will include the following caves: 

(a} medical cave for pituitary and head irradiation, 

(b) medical cave for local tumor irradiation, 

(c) cave for molecular-cellular studies, 

(d) microbeam cave, 

(e) cave in which the beam may be spread over a large area 

for such purposes as whole-body animal irradiation; this 

cave may also be used for Physics. 

In addition to these caves, various Bio-Medical support areas are 

required, such as the following: 

(a} patient receiving room, 

(b) patient preparation rooms, 

(c) medical offices, 

(d) dosimetry room, 

(e) animal preparation room, 

(f) Bio-Medicallaboratories, 

(g) conference room, 

(h) Darkroom. 

It is of course desirable to separate the Bio-Medical area from the 

other experimental areas. Furthermore, it is also desirable within the 

Bio-Medical area to separate the medical area from the animal experi

mental areas. A possible scheme for achieving these separations is shown 

in the drawings. Future expansion of this experimental area is possible 

toward the southwest. 

The low-energy beam is extracted from the storage ring toward the 

northwest into a second large experimental area. It is expected that the 

work here would be done in the usual caves constructed of portable blocks. 

A 20 ton crane is provided in this area for movement of experimental 

equipment and shielding. Truck access is provided to this area. A large 

area to the northwest is available for future expansion. 
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Omnitron Specifications 

,Performance 

Maximum Energy 
Repetition Rate 

Injection System 

Injection Energy with Hilac 
Cockcroft- Walton Injection Potential 

Synchrotron Ring 

Magnet 
Mean Orbit Diameter 
Maximum Guide Field 
Useful Aperture (Vacuum Chamber) 
Number of Magnets 
Length of Magnets 
Number of Long Straight Sections 
Length of Long Straight Sections 
Weight of Steel 
Weight of Copper 
Stored Energy 
Input Power, ac 
Input Power, de 

Acceleration System 

Maximum rf Frequency 
Minimum r£ Frequency 
Energy Gain per Turn 
Number of Accelerating Stations 

Storage Ring 

Mean Orbit Diameter 
Guide Field 
Useful Aperture (Vacuum Chamber) 
Number of Magnets 
Length of Magnets 
Number of Long' Straight Sections 
Length of Long Straight Sections 
Weight of Steel 
Weight of Copper 
Input Power 
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500 MeV /nucleon 
60 cycles/ sec 

10 MeV /nucleon 
2 megavolts 

93 feet 
10 kilogauss 

1.2 5 X 2.25 inches 
64 
28 inches 

8 
12 feet 
77 tons 
13 tons 

212 kilojoules 
134 kilowatts 
268 kilowatts 

33 Me/sec 
1.6 Me/ sec 

122 kilovolts 
4 

54 feet 
16 kilogauss 

1.25X2.25 inches 
40 
28 inches 

4 
12 feet 
48 tons 

8 tons' 
37 0 kilowatts 
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The total area of the Omnitron building as shown on the drawings is 

·about 60,000 square feet as compared to the 43,500 square feet in the existing 

Hilac building. 

The upper story of the low-energy ring of the Omnitron building is 

partially over the low-energy experimental area and partially over the 

accelerator vault. The low-energy counting area is directly over the low

energy experimental area. The counting area and experimental set-up 

area communicate directly with the Hilac experimental area on the same 

le:vel. The control room is directly over the accelerator. Rapid transit 

between the upper and lower floors is provided by two small elevators. 

A parking area is provided on top of the accelerator vault and the 

high-energy experimental area. The main entrance to the Omnitron-Hilac 

complex is just off this parking area into the second story of the Omnitron 

building. 

Cockcroft-Walton Injector 

For the two-acceleration phase of operation, the injector consists of 

a 2 MV, 10 rnA Cockcroft- Walton rectifier using the high-frequency silicon 

diode technique which has been developed at the Hilac and 88-inch cyclotron. 

Power supplies of this type lend themselves unusually well to highly pre

cise voltage regulation and control because of their low-energy storage and 

their high carrie'r frequency. While this is not essential in the pres~nt 

application, it is indeed a convenience because it permits accurate tracking 

of the synchrotron energy during injection (see Fig. 10). 

The ion-source equipment is located in the high-voltage terminal. 

The accelerating column is mounted along the central axis of the rectifier

a style of construction which simplifies the connection between the decks of 

. the rectifier and the gradient electrodes of the high-voltage column. The 

silicon diodes are mounted on etched circuit boards that are separated by 

the ceramic between-deck capacitors. The rectifier assembly is housed in 

a plastic tube and operates in an atmosphere of sulphur -hexifluoride. It 

is powered from a 50 kW oscillator, operating at 100 kc. The character

istics of the rectifier are shown in Table I. 

The beam starts at the ion source in the high-voltage terminal, is 

accelerated down the high-voltage column to a beam transport system 

which delivers it to the synchrotron inflector. 
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Fig. 10. 2 MV Cockcroft-Walton injector. 



Table I. 2 MV Cockcroft- Walton characteristics. 

Output Voltage 2 MV, de 

Output Current 10 rnA, de 

Frequency 100 kc 

Peak rf Driving Voltage 80 kV 

Number of Rectifier Boards 32 

Between-Deck Capacitors 1250 pF 
(4- 2500 pF, 40 kV Ceramic Capacitor Series, 
two such stacks in parallel) 

UCRL-11746 

Number of Diodes per Board 

No- Load Voltage 

650 (Unitrode Type UT71) 

2.4 MV (90o/o of nVo) 

Full- Load Voltage 2.1 MV 

Oscillator Power 50 kW 

Operating Atmosphere Sulphur -hexifluoride 

Operation Pressure 1 atmosphere 

Desiccant Activated alumina 
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Synchrotron 

The beam to be injected into the synchrotron may originate either in 

the Hilac or in the 2 MV Cockcroft- Walton accelerator. Injection of the 

beam from the Hilac is so straightforward that it requires no further dis

cussion. The other beam is used for the two-acceleration phase of operation. 

Since it abounds with so many interesting possibilities, the remainder of 

this section will refer toe this type of operation. 

Radiofrequ~ncy Accelerating System 

Ions are born with only the outer few electrons removed. As we go to 

progressively heavier nuclei, the charge-to-mass ratio decreases until, for 

uranium, it is only 0. 02. Acceleration by the Cockcroft- Walton rectifier is 

proportional to the charge-to-mass ratio, so the amount of acceleration of 

.the heavier ions decreases with increasing mass number. The relatively 

slow speed of these particles produces a very low orbit frequency in the 

synchrotron at injection. For the particles with e/m = 0.02, the orbit 

frequency is only 0.0311814 Me, while the highest orbit frequency (corres

ponding to particles with e/m = 0. 5} is 2. 556498 Me. The ratio of these 

frequencies is 82: 1. If the rf system had to cover this range, the task would 

be formidable indeed. Fortunately, a synchrotron is not sensitive to the 

harmonic number of the rf, so by choosing different harmonics of the orbit 

frequency, for the different ions, we can reduce the required range of the 

rf system. 

The problem of controlling the phase of the different accelerating 

cavities is considerably reduced if we drive all resonators in-phase. This 

forces us to select harmonic numbers which are integrals of the number of 

resonators. 

The energy gain per turn of the particles is independent of the e/m 

ratio and is given by: V = 122 kV sin 377t. We need to produce about twice 

this amount of voltage so that the particles will ride near the center of the 

phase-stable region of the rf. It proved to be convenient to choose four 

resonators, each capable of producing a gap voltage of 60 kV. 

A tabulation of orbit frequencies, harmonic numbers, and rf frequen

cies is shown in Table II. The harmonic number was selected so that the 

maximum rf frequency for each particle is about 30 Me. From this 

tabulation it is evident that the required frequency range of the rf system 
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Iable II S:}l:n~h:rot:ron orbit and d data * 
Orbit freq. Orbit period Freq. of rf rf Time between particle 

(Me) (fJ.sec) Harmonic (Me) Freq. bunches (nsec) 
e/m Max. Min. Min. Max. number Max. Min. ratio Full energy Injection 

0.5 2.556498 .1559073 0.39116 6.41406 12 30.677976 1. 870888 16.40 32.597 534.505 

0.4 2.311641 .1394478 0.43259 7.17114 12 27.773969 1.673374 16.58 36.049 597.595 

0.3 1.951101 .1207654 0:51253 8.28052 16 31.217616 1. 932246 16.15 32.033 517.533 

0.2 1.431706 .0986045 0. 6984 7 10.14152 20 28.643412 1.972090 14.52 34.924 507.076 

0.15 1.107254 .0853939 0. 90314 11.71043 28 31.003112 2. 391029 12.97 32.255 418.229 

0.10 0. 763577 .0697239 1. 30962 14.34228 40 30.543080 2. 788956 10.95 32.740 358.557 

0.09 0.685668 .0661459 1.45843 15.11809 44 30.169392 2.910420 10.36 33.146 343.593 

0.08 0.615178 .0623630 1.62554 16.03515 48 29.528544 2.993424 9.86 33.865 334.066 

0.07 0.534908 .0583351 1.8694817.14234 56 29.954848 3.266766 9.17 33.384 306.113 
I 
~ 0.06 0.458686 .0540079 2.1801418.51581 64 29.355304 3.456506 8.49 34.065 289.309 \.N 
I 

0.05 0.378551 .0493023 2.64165 20.28303 80 30.284080 3.944184 7.68 33.021 253.538 

0.04 0. 310625 .0440972 3.21932 22.67718 96 29.820000 4.233331 7.04 33.535 236.221 

0.03 0. 282159 .0381893 3.54410 26.18534 108 30.4 73172 4.124444 7.39 32.816 242.457 

0.02 0.155582 .0311814 6.42748 32.07040 192 29.871744 5. 986829 4.99 33.4 76 167.033 

* Total Injection Voltage = 2 MV 
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is from 1.67 to 31.22 Me. To provide an operating margin it was decided to 

make the rf system cover the range from 1.6 to 33 Me. This can be ac

commodated by using two sets of cavities. The first set tunes from 1.6 to 

7. 5 Me, the second from 7 to 33 Me (Figs. 11 and 12). This is the same 

technique that is used in the Princeton, Pa. , synchrotron.~:~ 
The number of bunches of particles in a synchrotron is equal to the 

harmonic number of the rf. For uranium we have ·192 bunches each spaced 

only 18 inches apart. As we go to lower harmonic numbers this spacing 

increases. Because this spacing is small compared with the length of the 

resonator, and because it changes with harmonic number, we cannot use 

two gap cavities, which lend themselves so conveniently to the application 

of ferrite bias and are customarily used in the proton synchrotrons. We 

can circumvent this difficulty, however, by supplying the ferrite bias cur

rent through an rf choke so arranged that the mutual inductance cancels for 

the bias circuit but adds for the rf circuit. 

Details of the resonators are shown in Figs. 11 and 12. Table III 

shows the calculated characteristics of these resonators. 

The block diagram of the rf system is shown in Fig. 13. The fre

quency of the master oscillator is programmed from the magnet current 

and trimmed from a beam pickup electrode to provide a phase-lock feature. 

The amplitude of the rf is controlled from the amplitude references which 

are programmed from the magnet current input and trimmed from the 

radial-position electrode signal. In other respects the rf system follows 

present synchrotron practice. 

Synchrotron Ring Extractor 

At full field the transit time of the particles around the orbit varies 

from about 6400 nsec, for low e/m ratios, to 391 nsec for the fully stripped 

particles (see Table II). Because of our choice of harmonic number, the 

time between particle bunches is approximately the same for all beams-

30 nsec. Thus if we use a ferrite deflecting magnet with a "filling time" of 

100 nsec, only three bunches of particles will be lost. For the post

stripping acceleration cycle, no-,bunches have to be lost if the storage ring 

-·· ···J. Reidel et al., The RF System for the Princeton-Penn Accelerator, 
Princeton University Report PPAD-408-E, 1961, 
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Table III. rf Resonator characteristics. 

Low- Frequency Resonators 

Frequency Range 

Maximum Gap Voltage 

Peak rf Power 

Average rf Power 

Peak Ferrite Bias Current 

Peak Ferrite Bias Voltage 

Average Ferrite kVA 

Type Ferrite 

Ferrite Dimensions 

Number of Ferrite Disks 

Peak rf Flux Density 

High-Frequency Resonators 

Frequency Range 

Maximum Gap Voltage 

Peak rf Power 

Average rf Power 

Peak Ferrite Bias Current 

Peak Ferrite Bias Voltage 

Average Ferrite kVA 

Type Ferrite 

Ferrite Dimensions 

Number of Ferrite Disks 

Peak rf Flux Density 
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1.6 - 7.5 Me 

45 kV@ 7.25 Me 

50 kW 

6.5 kW 

12,520 A 

80 v 
50 

Phillips IV C 

25 11 o. d. , 12.5 11 i. d. , i''thick 

48 

51 gauss 

7.0 - 33 Me 

60 kV® 20 Me 

285 kW 

35 kW 

12,520 A 

80 v 
50 

Phillips IV C 

25 11 o. d., 12.511 i. d., 111thick 

48 

25 gauss 
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circumference is shorter than that of the synchrotron by a distance corre

sponding to three bunches, because the ferrite magnet can be filled while 

the three empty. bunches are passing. 

Since the full-energy beams of all particles require the same synchro

tron Bp, all beams are deflected along a common trajectory through the 

ferrite magnet. A suitable ferrite magnet is shown in Fig. 14 and its 

characteristics are tabulated in Table IV. Several such magnets are required in 
an ejection system. S R" torage 1ng 

The storage ring is used .in two ways: (1) as a device to spread the 

beam out in time and thus to improve the macroscopic duty factor for low

energy physics experiments, and (2) to store the beam while the synchrotron 

magnet is returning to injection field for high-energy-two -acceleration 

phase-operation. 

Storage -Ring Electronics 

The storage ring requires a small synchrotron type of rf cavity as 

an aid to beam handling and control. The cavity would be tunable from 20 

to 30 Me to accomodate different harmonic numbers by its ferrite bias and 

will provide a maximum energy gain per turn of 1 kV. The rf is controlled 

from beam position information as it is in the main synchrotron ring. 

Ferrite magnets are used for injection and high-speed extraction. 

Slow extraction providing an essentially de beam is accomplished by means 

of an electrostatic regenerator and appropriate rf control~essentially the 

same way as is done at the 184-inch cyclotron. 

Synchrotron Magnet Power Supply 

The synchrotron magnets are excited by a 60 cps biased sinusoidal 

current. The power supply is of the same type as the ones used in the 

Cambridge and Princeton, Pa., machines (see Fig. 15). 

It proved to be convenient to excite the magnet system from the 60 cps 

power line. Because the frequency of the power line varies throughout the 

day by 0.1% and the magnet circuit Q is about 500, it is necessary to 

regulate the resonant frequency to match the line. This is accomplished by 

an auxiliary winding on the choke, and a contactor-controlled capacitor 

bank. A phase detector metering the angle between the input voltage and 

current completes the feedback loop. 

The ac power required for the magnet systems is inherently single 

phase and therefore not ideally matched to a three-phase power system. 
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Table IV. Characteristics of a typical ferrite magnet. 

Maximum Field 2700 gauss 

Effective Magnet Length 

Characteristic Impedance, z
0 

Excitation Voltage 

Excitation Current 

Rise Time 

Pulse Length 

Repetition Rate 

Instantaneous Peak Power 

Average Power 
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6 inches 

2 ohms 

21 kV 

10,500 A 

100 nsec 

5 f.J.Sec 

60 pps 

220 MW 

70 kW 
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Fig. 15. Schematic of synchrotron magnet power supply. 
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Transformation of a single -phase load to a balanced, three -phase load 

implies energy storage because the instantaneous power of a single -phase 

load varies at a 120 cycle rate whereas it is constant for the three -phase 

load. The transformation can be made with a motor-alternator set, the 

energy storage being in the inertia of the rotor, or by means of a rectifier

inverter with the necessary energy stored in a capacitor bank which serves 

as a filter for the rectifier. However, the single-phase load in question 

only amounts to 135 kVA and would not cause a serious unbalance if fed 

from one phase of the 2000 kVA line. It can be partially balanced by con

necting the other single-phase loads such as the control and instrumentation 

loads to the other two phases. 

The choice of 60 cps as the repetition rate for the machine has three 

practical advantages. First, no frequency-conversion equipment is nee

essary to couple the synchrotron to the power line. Second, electrical 

components associated with this frequency are in a high state of develop

ment: relays and instruments are free of resonances and are accurately 

calibrated for this frequency; insulation life and breakdown voltage have 

been extensively studied and tested for this frequency; small 60 cps trans

formers and other small components are mass produced. Third, the 60 

cycle line serves as a convenient synchronizing signal for control and 

instrumentation. 

The ac and de components of current in the magnets can be con

trolled independently. The difference between these components determines 

the minimum magnetic field and the sum determines the maximum field. 

The two components are regulated electronically to insure a highly precise 

difference at minimum field. The ac component can be regulated by an 

induction regulator controlled from an electronic regulator of low

information capacity, but the de power supply must have a speed of response 

of a few milliseconds, which implies a regulator with comparitively high

information capacity. 

Vacuum System 

The high charge-exchange cross sections for heavy ions during the 

low-energy acceleration cycle and storage demand that the vacuum chamber 

be maintained at pressures less, than 10-8 torr, thus requiring a completely 

bakeable system. Pressures of this order have been produced in the CERN 

electron storage ring and are planned for the Stanford Linear Accelerator. 

The high pulse rate of the magnets requires 
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that only high-resistance materials be used within the guide-field region. 

Although the entire accelerator vacuum system will have a volume of 

approximately 17 cubic feet, the small aperture requires that a number of 

pumps be placed around the two rings. In order to maintain a pumping 

speed of 15 liters/sec at all points, a total of sixty 40 liter/sec pumps will 

be necessary. These pumps, in addition to producing a rapid pumpdown 

during the initial baking period, will provide an approximate factor of three 

redundancy during the normal operation, thus eliminating costly shutdown 

due to pump failure. The demand for high pumping speeds for noble gases 

requires that these be triode ion pumps. 

Since the failure of the vacuum system will necessitate a major shut

down under any condition, the use of valves and bolted vacuum flanges will 

be minimized. Reweldable flanges will be used wherever possible. 

The portion of the chamber in the vicinity of the magnetic fields will 

be metalized ceramic or glass; all other portions of the system will be 

stainless steel. 

The accelerator and storage rings will be isolated from the injector 

and low-energy experimental area by high-speed differential pumping 

systems and will be protected by pressure-interlocked high-speed valves. 

The high-energy experimental area can be isolated with a thin vacuum 

window. 

The roughing system will consist of a pair of combination Roots 

blower-turbine systems to reduce the chamber pressure to approximately 

10-S torr before the ion pumps are activated. 
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PRELIMINARY COST ESTIMATE SUMMARY 

Injector $ 219,000 

Hilac Modifications 237,000 

Synchrotron 2,952,000 

Storage Ring 735,000 

External Beam Equipment 741,000 

Shielding (Movable) 200,000 

Miscellaneous 762,000 

Contingency 1,170,000 

Engineering and Development 1,490,000 

TOTAL ACCELERATOR $ 8, 506,000 

Accelerator Building and Site (Inc. Fixed Shielding) 3, 600,000 

TOTAL ACCELERATOR FACILITY, 1964 Dollars $12,106,000 

TOTAL ACCELERATOR FACILITY, 1967 Dollars $13,317,000 

Note: No experimental equipment is included in this estimate. 
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PRELIM! NARY COST ESTIMATE 
(in thousands of dollars) 

Mech. Elec. 
quan. quan. 

& & 
unit unit Mech. Elec. Sub-
cost cost costs costs total Total 

COCKCROFT-WALTON!NJECTOR 
Rectifier Stack $ 42 42 
Oscillator & Elect. 26 26 
Auxiliary Equipment 9 9 
Ion Source & Equip. $ 40 25 65 
Accelerating Column 8 8 
Vacuum Pumps 6 6 
Housing 3 3 
Plastic Enclosure 6 6 
Bending Magnet 6 6 
Bending Magnet P. S. 10 10 
Quadrupole Magnets 2@$6 12 12 
Quadrupole P. S. 2@ $7 14 14 
Beam Pipe Equipment 10 10 
Monitoring Equipment 2 

Total C-W Injector Costs $ 219 

H!LAC MODIFICATIONS 
Pre-Stnpper Dnft Tubes 75 75 
Drift Tube P. S. 37 @ $1 37 37 
Pulsed Deflector Magnet 15 15 
Pulsed Deflector P. S. 10 10 
Bending Magnets 3@ .$ 3 9 
Bending Magnet P. S. 3@ $10 30 30 
Quadrupole s 3@ $7 21 21 
Quadrupole P. S. 3@ $10 30 30 
Beam Pipe Equipment 10 10 

Total Hilac Modifications 237 

SYNCHROTRON 
GUlde Magnets 64 @ $6 384 384 
Guide Magnet Supports 64 0 $0.4 26 26 
Guide Magnet Inst. & 

Align. Fixtures 40 40 
Guide Magnet P. S. 436 436 
Quadrupole s 16 @ $3 48 48 
Quadrupole P. S. 75 75 
Electrostatic Quad. 5 
Electro. Quad. P. S. 15 15 
Vacuum Chamber 84 84 
Vacuum System 150 150 
RF System @ $43 344 7 55 1099 
Water Dist. System 40 40 
Inflector 60 10 70 
Extractor Ferrite Mag. @ $5 @ $31 30 186 216 
Extractor Magnets @ $6 @ $7 18 21 39 
Controls & Monit. 225 225 

Total Synchrotron Costs 2952 

STORAGE RING 
Guide Magnets 40 @ $6 240 240 
Guide Mag. Supports 40 @ $0.4 16 16 
Guide Mag. Inst. & Alignment 27 27 
Vacuum Chamber 42 42 
Vacuum System 75 75 
RF System 35 35 
Water Dist. System 20 20 
Ferrite Magnets 4 @ $5 4 @ $31 20 124 144 
Injector & Extractor Magnets 2 @ $6 2 @ $7 12 14 26 
Guide Mag. P. S. 400 kWG: $0.2 80 80 
Monitoring Equip. 30 30 

Total Storage Ring Costs 7 35 

EXTERNAL BEAM EQUIPMENT 
Bend1ng Magnets 11 @ $25 27 5 27 5 
Bending Mag. P. S. 11 @ $20 220 220 
Quadrupole Magnet 12 @ $8 96 96 
Quadrupole P. s. © $10 60 60 
Beam Pipe Equipment 80 80 
Monitoring Equipment 10 10 

Total External Beam Equipment 741 

SHIELDING 
Concrete Blocks and 4 Cave Doors 200 200 

Total Movable Shielding Costs 200 

MISCELLANEOUS (15% of above) 762 

CONTINGENCY (20% of above) 1170 

ENGINEERING & DEVELOPMENT 
Mechanical Enpneering 560 560 
Electrical Engineering 315 315 
Magnet Test Group 17 5 
Scientific Support 17 5 
Synchrotron Magnet Models 20 10 30 
Ferrite Magnet Development 10 50 60 
RF Model 25 25 
Space Chg. Exploratory Models 150 

Total Engineering & Dev. 
1490 

TOTAL ACCELERATOR $ 851)l) 

ACCELERATOR BUILDING 1~ SITE 3600 
TOTAL ACCELERATOR FACILITY, 1964 Dollars 12106 

TOTAL ACCELERATOR FACILITY, 1967 Dollars (3.3% per year) $ 13317 



OPERATING COST ESTIMATE 
PER ANNUM 

Manpower $ 1,000,000 

Utilities 300,000 

Total $ 1,300,000 

UCRL-11746 

In addition, the cost of equipment and accelerator 

improvements required for utilizing and upgrading 

the machine each year will be approximately 

$ 7 00,000. 
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ACCELERATOR DESIGN AND CONSTRUCTION SCHEDULE 

Building Design 

Building Construction 

Accelerator Design 

Accelerator Fabrication 

Accelerator Installation 

Preliminary Testing 

Approval 

date 
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PRELIMINARY STUDIES 

The high charge-exchange cross section for low-energy multiply charged 

ions (M>40) make the beam losses due to this effect strongly dependent on the 

acceleration rate (i.e., the accelerator repetition rate). Although complete 

information on these cross sections is not available for the pressures and 

charge states assumed, the beam intensity can be expected to rise at least as 

the square of th'e pulse rate, rather than linearly as with proton synchrotrons. 

It is thus mandatory that the pulse rate be as high as possible. 

The proposed accelerator as described utilizes established techniques 

that have been tested on operating accelerators. Due to the high pulse rate, 

however, these techniques are, in several instances, carried near the limit of 

present capability. 

A preliminary study of these various elements is therefore necessary to 

determine design parameters before actual engineering of the system can com

mence. The proposed investigations are as follows. 

Guide -Magnet Design 

Although the magnetic fields and gradients together with the relatively 

small aperture make the proposed magnets relatively conservative in design, 

a detailed study of the saturation effects is necessary. The pr.oblems of 

hysteresis and eddy-current losses must also be assessed. The high pulse 

rate demands the design of a low-loss magnet in order to conserve power. 

The development of instrumentation capable of accurate measurement of 

rapidly varying magnet fields and gradients is also necessary. 

High-Power rf Resonator 

The 60 cycle/sec pulse rate requires the development of an rf resona

tor system capable of operation at 50-60 kilovolts over a frequency range of 

approximately 16 to 1. A complete resonator system will be built and studied 

as a part of the preliminary study. 

Source -Injector System 

The methods of producing large beams of multiply charged heavy ions 

and the dynamics of particles of various e/m ratios and charge densities in 

accelerating columns are subject to continuing study at the Hilac. These 

studies, using existing equipment, will be extended to include problems 

peculiar to the synchrotron injection. 
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Switching Magnets 

The beam-switching magnets must be capable of rising from zero to 

maximum fields in approximately 0.1 microsecond. Although magnets with 

this capability have been produced and are in operation, the Omnitron pulse 

rate makes the power requirement excessive. Magnet designs that conserve 

power must be investigated. A full-scale magnet will be fabricated as a por

tion of the preliminary study. 

Servo-Control Problems 

Although solutions to the problems of synchrotron servo -control exist, 

the complexity of the Omnitron system when operated in the multiple accelera

tion mode demands that simplified control systems be designed. A detailed 

study of the complete system is therefore necessary. 

Vacuum System 

As was noted above, charge exchange in the synchrotron and storage 

ring results in a serious loss of beam, especially for the heavier ions. Pres

s\ues must be maintained at 10- 8 torr to reduce these losses to acceptable 

limits, thus requiring a completely bakeable system. Investigations leading 

to the design of the complete system, including differential pumping systems 

to isolate the injector and low-energy experimental area, will be undertaken 

during the preliminary study phase. 

Stripping and Scattering Investigations 

Although measurement of the charge exchange and scattering of the 

complete range of· energies of interest can be carried out only by using the 

Omnitron beam, an experimental program should be carried out in the regions 

for which beams are available. 

An LRL physics group is presently making similar measuremer;.ts, and, 

with slight modifications of their existing equipment using beams from the 

Hilac and 88 -inch cyclotron, this program can be expanded and accelerated to 

provide the desired information. 

Beam Dynamics 

An investigation of the general problems of the dynamics of injection and 

ejection, and the optimization of the accelerator and storage-ring parameters 

for a system of standard AGS design, will be carried out. In addition, pre

liminary considerations of the Omnitron indicate that a number of unusual 

techniques exist that are peculiarly suited to systems designed for the accel

eration of low-velocity ions. Of particular interest is an accelerator in which 

the guide fields are a combination of magnetic and electrostatic fields. 
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To carry out these investigations a 4 -meter -diameter electrostatic 

model of the Omnitron will be constructed. In addition to the investigation of 

beam dynamics, the problems of stripping and scattering can be studied by 

using the beams from this model. 

Building and Site 

The general arrangement of the machine and experimental facilities 

at this stage should be regarded as schematic. As the building is the first 

i~em in the construction schedule it is highly desirable to have the general 

arrangement fully developed so that the working drawings may be started as 

soon as possible after construction funds are available. 

Shielding 

As it is contemplated that the shielding around the machine will be 

poured concrete and as occupied areas will be immediately adjacent the 

accelerator vault, it is essential that careful studies be made of the shielding 

requirements. 
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Preliminary Study Cost Estimates 

Labor: 

Professional 

Scientific 

Electronic Eng. 

Mechanical Eng. 

Plant Eng. 

Man Years 

3 

4 1/2 

3 

1/2 

11 at $ 24,000 

Technical 

Mechanical Tech. 4 

Electronic Tech~ 3 

Clerical 1 

Shops 

Electronic 

Mechanical 

C and M 

---

4 

5 

1 

8 at $ 20,000 

Subtotal 

.!.Q_ at $ 20,000 

29 

Material: 

Guide Magnet 

Pulsed Magnet 

r£ Resonator 

Vacuum System 

Stripping-Scattering Experiments 

Electrostatic Model 

Miscellaneous Parts and Services 

Subtotal 

Total Costs Preliminary Studies 

Labor 

Materials 

TOTAL 
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$ 264,000 

$ 160,000 

$ 200,000 

$ 624,000 

$ 25,000 

35,000 

80,000 

25,000 

10,000 

25,000 

20,000 

220,000 

$ 844,000 
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APPENDIX 

Beam Dynamics Study 

The following is an outline of the program used to select the 

Omnitron main-ring and storage-ring configurations for the preliminary 

proposal. No attempt was made to optimize the parameters of a certain 

configuration but rather to present a number of machines which satisfy the 

design requirements. From ten machines selected as best satisfying the 

main criteria of site compatibil~ty, rf resonator accommodation, and magnet 

aperture (cost), one machine has been chosen to be described in detail as 

the proposed synchrotron. However, it is only a representative configura

tion, and a thorough study is necessary to refine it or any of the numerous 

alternatives to the degree necessary for construction. 

General Parameters 

The original parameters selected to be used were chosen to have the 

following values: maximum guide field, Bmax = 10 kilogauss; maximum 

rigidity, Bp max= 2.85X 10
6 

gauss-inches; minimum injection energy 

23 keV /nucleon (for particles with e/m ratios of 0. 05 ). The repetition rate 

of the machine _was fixed at 60 cycles/ sec. 

For the physical layout, the two most critical considerations are an 

overall diameter of approximately 100 feet and the inclusion of eight rf 

resonators each 6 feet long. The first, combined with B and Bp , max max 
sets the minimum perimeter to be occupied by guide magnets to 149 feet, 

leaving about 200 feet for magnet spacing and long straight sections. The 

latter dictates the minimum number of long straight sections to be eight. 

At the outset it was clear that eight long straight sections (LSS) each 

containing one rf resonator would grow inordinately long when the necessary 

beam inflectors and deflectors were squeezed in. Therefore a machine of 

eight superperiods (S = 8) would have to have sufficiently long straights to 

contain two resonators/LSS, leaving four long straights free for beam 

steering magnets and other equipment. A machine of ten superperiods 

(S = 10) allows a choice of one or two resonators/LSS, leaving two or six 

LSS, respectively, free for other devices. A machine of S = 12 means one 

resonator/LSS with four free for other uses. 
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Main-Ring Computations 

With these restrictions in mind, three families of AGS rings were 
~:~ 

studied with the aid of SYNCH, and IBM 7094-44 code. At every point 

around the ring, SYNCH obtains linear orbit information on such items as 

the calculations of betatron functions, momentum compaction, and the de

sign of long straight sections. 

Having selected one of the families for computation with SYNCH, the 

first order of business is to choose a betatron oscillation frequency. In 

our case we assumed a symmetrical accelerator, thereby setting 

v = v = v. In actuality the v and v values will vary as the particles are 
r z r z 

accelerated, owing to changes in the k of the magnets and by effects of 

auxiliary quadrupoles. 

It can be generally stated that forbidden values for v are all integers, 

half integers, and those values corresponding to v = nS/m, where 

n = 0, 1, 2, • • • and m = 1, 2, or 3. Therefore the maximum ..6.v that can 

be tolerated is± 1/4, providing the value selected lies in a region free of 

nS/m values. 

The selection of v is further restricted by the fact that the phase 

advance per cell due to betatron oscillations must lie in the region 

-1 ~ cos p. ~ 1. A cell is defined as an AG magnet repeat length. If 
c ~· 

p. = 0 or 'IT, then the beam is unstable. •"•' A phase advance of p. = "Tr/2 
c c 

represents the most stable value. However, it requires an impractically 

high magnet gradient, which superposes''wigglf motion on the betatron os

cillations, causing the beam aperture to be large. Conversely a low value 

of p.c means the gradient is low (which minimizes the''wiggly'motion from 

magnets), but the betatron oscillation amplitude itself is large, as is the 

length of the long straight section. Various values for p. from 0 to "Tr/2 

*** c have been investigated by others and the results show the most favorable 

-·.... 
A. A. Garren and J. W. Eusebio, SYNCH, An IBM 7094-44 Code for 

Analysis of Linear Orbit Properties in Synchrotrons, 4-13-64. 

J. J. Livingood, Principles of Cyclic Particle Accelerators: 203 (1961). 

~:~~:~:::c 

E. Regenstreif, CERN 59-29, 8-21-59; G. K. Green and E. D. 
Courant, Handbuch der Physik XLIV, 320, (1959). 
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• 0 0 0 • 

regwn to be 40° ~ 1.1 ~ 70 . We chose 40 ~ 1.1 ~ 45 for our des1gn. 
c c 

The two patterns of magnets examined for the preliminary proposal 

were the FODO and FOFDOD configurations. The main difference between 

the two is that for a given v value the k of the magnet is lower for FODO 

than for FOFDOD. In addition, FODO requires half as many magnets as 

FOFDOD, though they are twice as long, since FOFDOD uses "half

magnets." At low v values, however, the FODO magnets can become quite 

long. 

In all cases long straight sections of the Collins type were inserted 

symmetrically around the ring, the point of insertion being between the F 

and the D magnets. The Collins straight section (CLSS) uses two quadrupole 

singlets (one horizontally defocusing, the other horizontally focusing) placed 

symmetrically on each side of the CLSS midpoint. The effect of the Collins 

sections is to cause a specified phase advance but leave the betatron functions 

unchanged. We specified a design that would shift the phase 90 °/ CLSS. 
,,, 

For aperture calculations APERT, ,,. a code for the 7 044, was used. 

Its scheme is to calculate the necessary vacuum chamber dimensions by 

taking into account the injected beam quality, the closed orbit errors due to 

magnet misalignments, magnetic field errors, stray field effects in drift 

sections, betatron and synchrotron oscillation amplitudes, and magnet 

sagitta. 

Assumptions which were made for input parameters to APERT were 

on the conservative side, with the thought that the output dimensions for 

beam aperture would be optimized on the final design. Magnetic field error 

was assumed to be 0.1o/o as was stray field in straight sections. We used 

0.02 em as the magnet leveling error. Six radial surveying monuments 

were arbitrarily chosen with a positioning error of 0.015 em and the same 

value was chosen as the magnet positioning error relative to the monuments. 

Finally an error of 0.02 em was selected for the magnet fiducial markings. 

In order to examine the maximum aperture necessary for the beam, 

an injection energy of 23 keV /nucleon was used for a particle with 

e/m = 0.05 (i.e., a singly charged Ne
20 

particle). The injection field 

~:~A. A. Garren and A. Kenney, APERT, unpublished LRL report, 4-30-64. 
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corresponding to such a particle is about 600 gauss in the guide field and a 

voltage of 460 kV on the Cockcroft-Walton injector. 

Of course running with beam from the Hilac would increase the injection 

energy, as would operating the Cockcroft- Walton at its maximum of 2 mega

volts, and setting B. . = 0 would mean a slow rising field for the first 100 
lnJ 

turns. These schemes promote smaller apertures than calculated for the 

preliminary proposal. 

Storage -Ring Computations 

Our selection of a storage-ring pattern was based on the use of mag

nets identical with those of the main ring. 

A ring of S = 4 with each CLSS of approximately the same length as 

the main-ring CLSS was determined with SYNCH, the AG magnet pattern 

being FODO. 

Since the minimum energy of the beam injected into the storage ring 

would be 5 MeV /nucleon, plus the fact that B would be very close to zero, 

the aperture requirements were quite compatible with those of the main ring. 

Results 

The results of the SYNCH and APERT calculations of the three fami

lies of machines (S = 8; 10; 12} are summarized in Table V. The storage 

ring is also included. 

Machines 1 through 10 represent the most favorable of more than 100 AGS 

rings computed. They by no means represent all of the possible machines, 

nor are they themselves optimized. Such refinement is more suitable to the 

design study. The only attempt made for the proposal was to show that a 

large number of patterns are readily available for the Omnitron, each 

feasible, with various advantages and disadvantages with respect to one 

another, 

Both the main and storage rings contain no correcting lenses, and no 

account was taken in the calculations of fluctuations caused by inflectors, 

beam-transport magnets or lenses. However, the vacuum chamber will 

allow for a 40o/o increase in beam size due to various contingencies. 

The computations assume no coupling between vertical and horizontal 

modes, and fringe -field problems were also neglected. 

Such omissions are valid for the purpose of our preliminary proposal, 

and the results are sufficiently encouraging to justify a complete and 

rigorous study. 
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Table V. Parameter summary of ten AGS 

AGS No. v k Magnet Length 
s (m -1) order CLSS 

(feet) 

1 12 7.25 16.19 FOFDOD 10.26 

2 10 6.25· 12.85 FOFDOD 10.52 

3 10 6.25 9.31 FODO 12.36 

4 10 7.25 18.83 FOFDOD 10.07 

5 8 5. 75 13.68 FOFDOD 10.44 

6 8 5. 75 12.52 FOFDOD 12.20 

* 7 8 5. 75 10.90 FODO 11.50 

8 8 6. 75 19.04 FOFDOD 9.88 

9 8 6.75 17.38 FOFDOD 11.59 

10 8 6. 75 12.29 FODO 11.91 
** 4 3.25 11 10.90 FODO 11.61 

*Main ring selected for proposal. 

** Storage ring selected for proposal. 

I 

"' -J 
I 

No. Length No. 
cells cells . magnets 

(feet) 

36 5.98 144 

30 6.42 120 

30 7.07 60 

40 5.96 160 

32 5.98 128 

32 7.16 128 

32 6.24 64 

40 5.83 160 

40 7.01 160 

40 6.36 80 

20 6.08 40 

configurations plus storage ring. 

F-F Maximum beam 
Length D-D F-D Sync. aperture 
magnets sep. sep. diam. Height Width 
(inches) (inches) (in. ) (feet) (in.) (in.) 

12.44 7.87 3.15 108 1.12 1.95 

14.92 5.51 3.15 95 1.07 1.98 

29.84 12.60 107 0.99 2.08 

11.19 10.23 3.15 108 1.19 1.92 

13.99 4. 72 3.15 88 1.09 1.93 

13.99 11.81 3.15 104 1.16 2.26 

27.98 ----- 9.45 93 1.00 1.93 

11.19 9.45 3.15 99 1.19 1. 95 

11.19 16.54 3.15 119 1.27 2.18 

22.38 ----- 15.75 111 1.01 1.83 

27.98 ----- 8.49 53 0.98 0.96 
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Table VI. Omnitron design parameters. 

Maximum Kinetic Energy (e/m = 0.5) 

Injection Energy, Minimum (e/m = 0.05) 

Maximum Magnetic Guide Field 

Minimum Magnetic Guide Field 

Magnet Gradient 

Guide Field Radius 

Synchrotron Radius, Effective 

Repetition Frequency 

Number of Long Straight Sections 

Number of AGS Magnets, Total 

Betatron Oscillation Frequency 

Magnet Pattern 

Injected Betatron Phase Area 

Maximum Beam, Height 

Maximum Beam, Width 

Quadrupole Gradient (CLSS) 

Particle Frequency, Maximum 

Particle Frequency, Minimum 

Maximum Energy Gain/Turn 

Maximum Voltage/Turn 

rf Phase Angle 

Number of rf Resonators 

Maximum Voltage/Gap 
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Main ring 

500 MeV /nuc. 

23 keY /nuc. 

10 kgauss 

350 gauss 

10.90/m 

23.7 5 ft 

46.41 ft 

60/sec 

8 

64 

5. 75 

FODO 

1. 99X10-
3 

cm-rad 

1. 0 in. 

1. 93 in. 

8 kgauss/in. 

2.6 Me 

0.024 Me 

121.3 keY 

242.6 keY 

30 degrees 

8 

60.65 keY 

UCRL-11746 

Storage ring 

500 MeV /nuc. 

5 MeV /nuc. 

16 kgauss 

600 gq.us s 

10.90/m 

14.84 ft 

26.74 ft 

60/sec 

4 

40 

3,25 

FODO 

1.99X10-
3 

cm-rad 

.98 in. 

.96 in. 

8 kgauss/in. 

4.51 Me 

0.58 Me 
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Space-Charge Limits 

The limitations on beam intensity due to incoherent transverse space 

charge have been calculated by using the equation derived by L. J. Laslett::~ 
for beams of noncircular cross section: 

where 

N =total number of particles/pulse 

D 1 = beam column self-force term = 

D
2 

= image current force tank walls 

- 2 
1 - y cj> y 

2 
(a+b)bcj>(y -1) 

n
3 

= image current force magnet poles 

ET I y= -=1+E E 
E

0 
k 

v = vertical betat'ron frequency, 
r 

.6.v = 1/4, r 

R = accelerator mean radius, 

a = horizontal beam amplitude, 

b = vertical beam amplitude, 

Y = neutralization factor, 

cj> = bunching factor, 

2/ 2 2/ 2 E
0 

= e mC = e E
0 

, 

E 1 = 'TT
2/48 = 0.206, 

E 2 = 1r
2 /24 = 0.416, 

g = magnet gap height. 

:;~ 

L. T. Laslett, in Proceedings of the 1963 Summer Study on Storage Rings, 
Accelerators, and Experimentation at Super-High Energies, BNL Report 
7534 (1963). 
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For the synchrotron design parameters, 

(a+ b)b = 5.15 cm2, 

R = 1.415X 103 
em, 

2 2 
h = 9 em , 

2 2 g = 16 em , 

y = 1 f Ek/E0 :::: 1, 

y2 - 1 = 2 Ek/EO + (Ek/E0)2 = 2 Ek/EO' 

v ..C:.v = 5.75/4 = 1.44, r r 

y = 0, 

= 1r X 1.44 

= 2.67 X 10 5 ~ particles 
n pulse 

(V in volts) 

= 1.6 X 10 7 E particles/ sec at 60 pps. 
n 

6 
Assume <j> = 0.2 and V = 2 X 10 volts, 

6.4X10 12 .. 
N = parhcles/ sec 

n 

= 1 p.ampere. 
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2 2 2 
e = e n 

n = charge number 

Ek = V 0 en 

V 
0 

= injector voltage 
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