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FOREWORD

This document was prepared in December 1978 in preparation for

the resubmission of a proposal to construct the Argonne Tandem-Linac

Accelerator System (ATLAS), a precision heavy-ion accelerator. The

primary purpose of the document is to provide information required for

the next deliberations of the Facilities Subcommittee of the Nuclear

Science Advisory Committee NUSAC. For this purpose, we summarize recent

experience at Argonne in the development of superconducting-linac

technology and outline a slightly modified proposal for ATLAS.

Since the present document is an addendum to a rather complete

report prepared only ten months ago, no attempt is made here to treat

topics that are still adequately covered by the original proposal document.

Rather, we assume that the reader has read the original document and has

access to it while reading this addendum. In order to provide a coherent

picture of what is now being proposed, certain portions of the original

document are reproduced here with little or no change.
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I. INTRODUCTION AND SUMMARY

This revised proposal for the construction of the Argonne

Tandem-Linac Accelerator System (ATLAS) is in all essentials the same as

the proposal originally presented to NUSAC in March 1978. The only

differences worth mentioning are the plan to expand the experimental area

somewhat more than was originally proposed and an increased cost, brought

about principally by inflation. The outline presented below is the same

(with minor changes in wording) as in the original document, reproduced

here for the convenience of the reader.

A. OUTLINE OF THE PROPOSAL

The objective of the proposed Argonne Tandem-Linac Accelerator System

(ATLAS) is to provide precision beams of heavy ions for nuclear physics

research in the region of projectile energies comparable to nuclear binding

energies (5-25 MeV/A). By using the demonstrated potential of

superconducting rf technology, beams of exceptional quality and flexibility

can be obtained. The proposed system is designed to provide beams with

tandem-like energy resolution and ease of energy variation, and the energy

range is comparable to that of a ".50 MV tandem. In addition, the beam will

be bunched into very short ("50 psec) pulses, permitting fast-timing

measurements that can open up major new experimental approaches.

The main accelerator component is to be a superconducting linac

consisting of an array of independently-phased resonators of the split-ring

type grouped in 7 accelerator sections. The rf technology for this system

has been developed at Argonne where, since 1975, we have been building a

prototype linac to boost the energy of heavy ions from the FN tandem. As is

discussed in this proposal, all aspects of the technology (resonators,

cryostats, beam bunching, rf control, etc.) have been thoroughly tested,

and the construction of the prototype is well under way at this time.

A beam has been accelerated through a section of 6 resonators during 1978,

an additional section will be put on line in early 1979, and a system

containing 14 resonators will be in operation by mid 1979. The full booster

is intended to have 4 sections, but funds for the last section are not yet

available.



2

The proposed expansion of the tandem-superconducting-booster

facility at Argonne will approximately double the maximum energy and mass

range of projectiles and will add a second, larger experimental area. With

this capability, and the ability to accommodate two simultaneous users,

ATLAS will become a powerful and unique user-oriented facility for the

exploration of nuclear structure with heavy-ion projectiles.

During the Fall of 1977, the Argonr.e FN tandem was substantially

upgraded by installing a high-vacuum (,10-8 Torr) accelerator tube and a

150-kV injection system. During acceptance tests, a 350-pnA beam of 35C1+

was analyzed for 4 hrs, the beam transmission was 70%, and loading effects

were small. Similarly, an analyzed beam of 130 pnA of 58Ni10+ has been

accelerated without significant loading. In view of this encouraging initial

performance, confirmed by prolonged operation for the experimental program,

it is proposed that this upgraded FN tandem, with a few additional

modifications, be the injector of the ATLAS facility.

The overall layout of the proposed accelerator system, shown in

Fig. 1, indicates how ATLAS is formed by a cost-effective extension of an

existing accelerator system. The whole injection system of the linac

now exists, including the tandem and a beam-bunching system that enables

%75% of the dc beam from the source to be accepted by the linac. Also,

the booster linac now under construction will exist, and considerable

experience in its use will have been acquired. And, finally, most of the

building structures and auxiliary facilities needed for the effective

operation of ATLAS, including Target Area II, exist and will be supporting

an intensive heavy-ion research program when ATLAS is funded.

The 40* bend in the beam direction near the mid point of the linac

permits the beam to be split and to be directed simultaneously (in every

micro-pulse) into Target Areas II and III. This is possible and exceptionally

cost effective because, at the location of the bend, the beam will normally

contain ions with several charge states, whereas in most experiments only

one of these would be used. Thus, the two beams can be formed without loss

of useful intensity. The operations of bending and splitting the beam can

be carried out elegantly and inexpensively, without the need for rebunching,

by using double-focusing superconducting magnets for bending and by

controlling the longitudinal phase space by appropriate adjustment within
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the linac itself. The 40* bend also has the advantages of placing the new

Target Area III in an open area where construction problems are reduced and

where disruption of the ongoing research in Target Area II (with the beam

from the booster) will be kept to a minimum.

The second, new half of the linac will be formed by a simple extension

of the designs used in the booster. In particular, (1) the resonators will be

fabricated in the same way, (2) the phase-control system will be identical,

(3) the computer-based system for controlling the whole linac will exist,

(4) flowing liquid helium for cooling will be distributed in the same way,

and (5) the modular cryostats will be identical in size so that accelerator

sections will be easily interchangeable. Thus, the developmental effort

required will be minimal and, indeed, important parts of the detailed

engineering design have already been completed.

The new portion of the linac will be housed in a shielded tunnel that

is large enough to permit complete accelerator sections to be transported into

the main linac-assembly area adjacent to the present booster. All assembly

will be done off line, and completely tested acceleration sections will be

moved on line while still cold. This approach, which is also being used with the

booster, is expected to maximize operational efficiency. Note that, because

of the flexibility resulting from the use of independently-phased resonators,

the linac can continue to operate effectively even when a whole accelerator

section is missing.

In general terms, the performance of ATLAS can be described as

being similar to that of an extremely large tandem (L50 MV) with two strippers:

ATLAS has a similar dependence of maximum energy on mass, it has easy energy

variability, and it has even better beam quality. The maximum available

output energy is summarized in Fig. 2. Normally, the accelerator system

would be operated with only two strippers in order to maintain an adequate

beam intensity, but the use of a third stripper at the location shown in

Fig. 1 would provide additional energy for experiments in which some intensity

can be sacrificed. The curves in Fig. 2 are for the standard configuration.

The performance curves in Fig. 2 show that the available energy is

far above the Coulomb barrier for projectiles in the lower half of the

periodic table and falls below the barrier for the heaviest ions. The
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emphasis on projectiles from the lower half of the periodic table is a

deliberate limitation on the scope (and the cost) of the proposed project.

This choice in no way limits the possibilities for future expansion of the

linac, which (as will be discussed later) can be achieved without moving

the then established accelerator or the experimental areas. For example,

the dashed curve in Fig. 2 indicates the energy that could be achieved at

a later time for an additional cost of about $1.3 million.

As seen from Fig. 2, the maximum energies of the beam going into

Target Area II is in a range <15 MeV/A, depending on the projectile. tnder

many circumstances, the beam energy (but not the projectile) can be chosen

independently of the requirements of the user of the beam from the full

linac. Thus, the user in Target Area II has a degree of flexibility that

considerably exceeds that of parasitic users of secondary beams at other

heavy-ion facilities.

A characteristic and important feature of ATLAS is its exceptionally

good beam quality. Because the phase space of the beam is controlled to an

unusual degree during the stripping and linac-injection processes, non-linear

effects can be largely avoided in both transverse and longitudinal phase

space, and hence the excellent quality of the beam from the tandem can be

preserved. Starting with a linac-output beam that typically has a relative

energy spread of 10-3 and a time spread of <50 psec, a debuncher/rebuncher

resonator located after the linac will manipulate the phase space of the

beam into the configuration desired by the experimenter. Without loss of

intensity, a relative energy spread <10-4 or a time spread <25 psec can be

provided. Ultra-short pulses such as this are expected to open up

a wide range of new experimental possibilities.

The output beam intensity depends almost entirely on the performance

of the tandem and on the stripping process, since the linac itself transmits

almost all ions injected into it. Normally, strippers #1 and 92 (Fig. 1) will
be used, and the beam from ATLAS in a single charge state is typically about

42 of the beam injected into the tandem, i.e., an output beam in the range

from 10 to 100 pnA. This is enough for most nuclear-structure experiments

but, if more current is needed, it can often be obtained by sacrificing

either maximum energy or beam quality.
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Most other current proposals for national heavy-ion facilities

in the United States are aiming at maximum projectile energies of 100-200 MeV/A

for the lighter heavy ions. These facilities tend to be directed toward the

exploration of possible qualitatively-new phenomena such as shock waves,

density isomers, etc., which may appear when the projectile velocity

approaches that required for pion production in the N-N system. Clearly,

when two nuclear systems collide with energies much larger than their

internal binding energies, the resultart phenomena, interesting though they

may be, are not likely to be sensitive to nuclear structure. The present

proposal is aimed squarely at the exploration of heavy-ion interactions in

the range of energies in which nuclear structure efects are likely to be

dominant.

With projectile energies between 5 and 25 MeV/A, the wealth of

structure ttat is embedded in the quantum-mec'.anical many-body system of

the nucleus is most likely to be accessible. This is the energy region in

which high angular-momentum states, shape isomers, molecular resonances, the

production and study of new far-from-stability nuclides, and many other aspects

of nuclear structure are most likely to reveal themselves. And to explore

this field will require a class of precision experiments that are likely to

require considerable experimental time on accelerators and a substantial

effort in terms of scientific manpower. In the context of the national and

international effort in heavy-ion physics, the ATLAS facility would fill an

important gap between the existing lower-energy heavy-ion tandems and

cyclotrons, and the proposed new generation of large circular machines aimed

at an order of magnitude higher energies.

We assume that ATLAS will be operated as a national facility for

the general benefit of the nuclear-physics cminunity and for some other

areas of research.

The cost for ATLAS is estimated to be $6.9M, if funded in FT 1981.

The system would be operational in 1983.

LSLOARY OF RECENT EXPERIENCE WITH THE SUPERCONDUCTING

HEAVY-ION BOOSTER

At the time of the March 1978 hearing of the Facilities

Subciaittee of NUSAC, the design of the superconducting heavy-ion booster
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was largely completed, prototypes of major components had been successfully

tested, the fabrication of major components was well advanced, and the

assembly of the system had started; but much of the assembly remained to be

done, the initial beam-acceleration tests were several months in the future,

and the task of debugging and developing the system as a whole was largely

undefined. This situation has changed greatly during the ensuing 9-month

period:

(1) the helium-refrigeration and distribution system has

been assembled, fully tested, and is now being used

routinely for its intended function;

(2) two of the planned four beam-line cryostats have been

put into service;

(3) a set of eight resonators has been fabricated, tested, and

developed to the point of outstanding performance;

(4) these resonators have been assembled and tested in their

beam-line cryostats;

(5) the RF control system has been completed, tested and

debugged;

(6) the basic elements of a computer-based system for the

linac has been installed and tested;

(7) the tandem-linac system as a whole has been thoroughly

tested in three different sets of beam-acceleration tests,

carried out in June, September, and December of 1978; and

(8) finally, in September and December, ion beams were

accelerated and used in several nuclear-physics experiments.

The above program of activity may bo summarized by the statement

that, although only two of the four planned accelerator sections have

been tested, the Argonne heavy-ion booster is now a working reality and
the developmental program has entered a new phase in which the system as

a whole is being developed, not just individual components. Now the effort

is being devoted to understanding all aspects of operation of the system,
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tc eliminating some obvious defects, to achieving the refined performance

that is expected of the system, and to completing all of the planned

4-section system.

The three sets of beam-acceleration tests have provided stringent

tests of all aspects of the acceleration system (including the tandem and

the beam buncher) under a variety of conditions. In the June tests, two

resonators in section A were used to accelerate a beam of 19F6+. Various

problems (discssed in Sec. II) revealed by these tests were worked on

during July and August and in September a 5-resonator system (2 in section A

and 3 in section C) was tuned to accelerate a 56-MeV beam of 1606+ to 78 MeV. This

performance implies that the booster provided 4 MV of acceleration. Although

modest in scope, this test was significant because it required the whole

system (including the tandem and the complete two-stage bunching system)

to function well for several days. The tests were concluded by using four

resonators to provide a beam for an exploratory nuclear-physics experiment.

The final set of beam-acceleration tests, completed December 14,

was undertaken with the dual objectives of testing an enlarged and improved

booster and of providing a useful ion beam for several nuclear-physics

experiments. Six resonators were used to accelerate an 85-MeV beam of

32S14+ to 148 MeV, performance which implies that the booster provided

5 MV of acceleration. This run was quite demanding in that it extended

over a two-week period, involved double stripping for the first time, and

required the linac to provide a reliable beam for experiments in two sets of

apparatus. The enthusiasm of the experimenters for the data obtained is the

best evidence of the success of the run.

The main information gained from the acceleration tests is that

there are no major unexpected problems; i.e., all major system components

have been proved out. However, extensive operating experience has brought

into sharp focus a number of defects in the system, as outlined in Sec. II.

Some of these problems have already been solved and others will require

future effort. The present status of the various sub-systems

is outlined below.
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With respect to the most critical element, the superconducting

resonators, eight high-beta resonators have been completed, all of which

have exhibited excellent performance. In the off-line tests, the

accelerating fields obtained for 4 watts rf input varied from 3.3 to

4.3 MV/m, the average being 3.8 MV/m. Thus, we are approaching the long-term

goal of 4.25 MV/m established at the outset of this project. We have found

that the resonators can be repeatedly warmed and stored for extended periods

of time at room temperature in nitrogen at atmospheric pressure without

degradation of performance.

The full accelerating potential of these resonators (10.4 MV)

has not been realized on the beam line, however. The most limiting factor

has been a malfunction in the liquid-helium distribution in the beam-line

cryostats, which causes the resonators to be improperly cooled. With the

exception of this problem, which we have no reason to believe intractable,

the beam-line cryostats have been highly successful. Their end-loading

design makes resonator assembly and alignment relatively easy, and the

feasibility of moving fully-assembled accelerator sections on and off

the beam line has been proved repeatedly. Although little effort has been

devoted yet to identifying spurious heat leaks, the heat load of the

cryostats is now close to design projections.

The most fully-developed part of the superconducting booster is its

helium refrigeration and distribution system. This system was installed

during the Spring of 1978 and put into operation in May 1978. Now, after

many months of operation, the system is being used routinely for a variety

of functions: (a) cooling resonators with a stream of flowing liquid helium,

(b) liquifying gas for use in the off-line testing of resonators, and (c)

recovering the helium gas from liquid used in such tests or gas from the

precooling of beam-line cryostats. If need be, these various functions can

be carried out simultaneously. Following an initial teething period, the

system has been almost trouble free, and the effort devoted to operation

and maintenance of the system now averages less than one hour daily.
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The resonator-control system has been thoroughly tested by the

prolonged periods of accelerator operation, and the design has been shown

to be basically sound. In particular, the fast-tuning device used for

phase control has been shown to be effective, although it is still desirable

to reduce somewhat the magnitude of the vibration-induced frequency that

it must control. Of particular importance is the fact that PIN diodes used

in the fast tuner (which are inside the cryostat and therefore inaccessible)

stand up in an application that uses them well beyond their ratings.

The computer-based control system of the booster has been iiistalled

and is being used routinely for various simple control functions. The full

power of the system has not been tapped, however, because we have not yet

been able to devote much effort to software development.

In the course of operating six resonators on the beam line over

a six-month period, a decrease in the performance level has been observed

in some, but not all, of the resonators. Although at the present time this

effect is not the primary limitation on the accelerating gradient, it will

probably soon be the major remaining developmental problem. The fact that

not all resonators have been affected indicates that the problem is not

intrinsic to high-field operation for extended periods of time. Also, it

should be noted that the initial phase of beam-line operation has imposed

exceptionally severe conditions on the resonators, since frequent recycling

to room temperature and atmosphere were required in debugging various cryostat

systems, especially since a cryostat-design error caused an explosive

vacuum failure in June which exposed four of the resonators to severe thermal

shock and possible surface contamination.

Since a considerable effort is now focused on understanding the

reduced beam-line performance, a great deal more information is expected

to be available by the time of the hearings by the Facilities Subcommittee.

While the above activities related to the beam-line tests have

been in progress, work has been proceeding on the fabrication of new

components required for completion of the booster. These new components

include the cryostat for section D (to house 6 high-8 resonators), four

additional high-B resonators, and the prototype of the low-3 resonator.
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The low-s prototype is scheduled to be completed in early January 1979 and

the other components later in the winter.

In view of the success of the December run with the six-resonator

system, it is clear that the booster is already a valuable research tool,

and we confidently expect that its accelerating power will soon be doubled.
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II. Ti! ACCELERATOR SYSTEM

This section is concerned primarily with recent developments

at Argonne in the use of rf superconductivity for heavy-ion acceleration.

As will be seen, during the past year the suiperconduct tug heavy-ion booster

at the FN tandem has become a reality and the wealth of information and

experience being acquired provide a strong base from which to project

performance and costs of the proposed ATLAS facility.

The proposed system incorporates all of the booster and also

the existing FN tandem and beam-bunching systems, as shown in Fig. 1.

The principal modifications and additions required for the formation of

ATLAS include: (1) improvement of the ion-source system and the terminal

of the tandem, (2) extension of the linac by the addition of three new

sections that are housed in a new tunnel, and (3) construction of a new

target area.

A. OUTLINE OF THE ACCELERATION PROCESS

(See original proposal)

B. THE SUPERCONDUCTING LINAC

The main technological thrust of this proposal is to make use of

RF superconductivity for heavy-ion acceleration. By now this powerful new

technology is highly developed and is beginning to be used in our heavy-ion

booster for nuclear-physics research. All of our experience to date

indicates that RF superconductivity is a reliable, reproducible technology,

and its remaining uncertainties are being systematically reduced.

The linac proposed for ATLAS is approximately twice the size of

the booster linac that is expected to be completed by mid 1980, and the

larger machine will be formed by merely extending the booster. The only

significant developmental effort required is the design and testing of a

new variant of the split-ring resonator: a 46-cm long unit for the

acceleration of the faster ions. All other features of the design will be

the same as in the booster. Thus, most aspects of the linac can be described

in great detail by describing the booster.
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1. BRIEF DESCRIPTION OF THE BOOSTER

(With a few minor exceptions mostly in the figures, this sub-section is the

same as in the original proposal and is reproduced here for the convenience

of the reader.)

A schematic representation of the booster as it is expected to be

in 1980 is shown in Fig. 3. The heart of the system is the split-ring

resox.ator, a three-gap structure made of superconducting niobium. Super-

conducting solenoids at frequent intervals confine the radial excursions

of the beam. The basic accelerating section of the linac consist of a

linear array of these resonators and solenoids within a cryostat that can

be isolated from the others both with respect to vacuum and cryogenics.

The four sections of the booster make use of resonators that have

two lengths. One type is 35.6-cm long and is optimized for a projectile

velocity S ; v/c s 0.105; it is now completely developed (sections C and D).

A second type is 20.3-cm long and is optimized for 6 = 0.060; it will be

developed in late 1978 (sections A and B). Section C, with six resonators,

was completed and put on line in late Spring, 1978. Cryostat A is being

used initially as a prototype in which two 35-cm units are mounted, but

these will be replaced with the final 20-cm units by mid 1979. Section B,

loaded mainly with the shorter units, will be built as soon as funding is

available, probably in 1980.

The rather complicated schedule of events outlined above is

summarized by Fig. 4, which shows the various configurations that will be

used during the next two years to accelerate heavy-ion beams for the research

program. The advantage of having modular cryostats is obvious from the

figure; and the fact that linacs with such large changes in configuration

can be useful emphasizes the versatility of a machine made with independently-

phased resonators.

The appearance of the accelerator may be judged

from Fig. 5, which shows a general view of the booster area with sections

A and C on line and the rf power and control equipment in the foreground.

The 6-ft high wall behind the electronic equipment is a radiation shield.

Target Area IT extends to the far right background.
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Each resonator consists of an inner drift-tube assembly made of

pure niobium and a housing made of sheet niobium that is explosively bonded

to copper, as shown in Fig. 6. The RF power dissipation into liquid helium

is typically 4 watts per resonator. The inner assembly is cooled by 4.8K

liquid helium within the hollow loading tube and drift tubes, and heat

generated in the housing is conducted to a helium-cooled heat sink through

the copper backing of the bonded niobium.

RF power is fed to the resonating drift-tube assembly from a

150-watt solid-state rf amplifier by means of capacitive coupling from a

3/8-inch diameter superconducting probe. Fast tuning is achieved by means

of a high-power voltage-controlled reactance (VCX) developed for the purpose.

This device, which is used to lock the rf phase of a resonator to the phase

of a master oscillator, has been tested on resonators in beam-line

cryostats and been shown to be adequate.

The design aim for the 35-cm resonators is an average accelerating

field of 4.25 MV/m, which implies a voltage gain of 1.5 MV (i.e., 1.5 MeV

per charge) from each unit. The resonators will initially be operated at a

somewhat lower field, in the range 3.0 to 3.6 MV/m. Then, when more urgent

tasks have been completed, the effort required to push the field up to the

design goal will be undertaken. The accelerating field of the 20-cm units

is expected to be at least 10% higher (for the same power dissipation) than

the field in the larger units.

The resonators are cooled to a temperature of about 4.8K by means

of flowing two-phase helium in a closed circulating system. The driving

pressure for the flow is the refrigerator itself, which (with three compressors)

supplies nominally 95 watts of cooling and a flow rate of 7 gm/sec at 4.6K.

The cooling power can be increased to a 40% higher value by vaporizing the

liquid-helium inventory in a 1000-liter storage dewar.

Superconducting solenoids are used to limit the transverse

excursions of the beam. These hybrid magnets consist of a superconducting

coil and a soft-iron return yoke and shield. The measured peak field is 7.6

Tesla; and the length of the coil is chosen to give a focussing power

Ps = fB2 dz that is strong enough not only to counterbalance the defocusing
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action of the resonators but also to allow the average

beam size to be minimized through most of the booster for most ions. The

solenoids are cooled by flowing liquid helium in the same way as are the

resonators.

All of the cryostats for the booster and also ATLAS are end-loading

units and, except for section A, all are of the same size. In each unit, the

array of resonators is surrounded by a nitrogen-cooled heat shield and,

outside of it, a vacuum wall (see Fig. 7). Even though the interiors of

the resonators are open to the outer vacuum region, including the warm

outer vacuum wall,the pressure inside the resonators is very low (<< 108 Torr)

during operation because of cryopumping on the outer surface of the

resonators.

Any cryostat can be isolated from the others and removed from the

beam line without disturbing the cooling or vacuum of the tanks remaining

on the line. Once off line, the whole inner assembly of an accelerator

section can be rolled out the end of the cryostat, and all disassembly can

then be done in the open. When a section is ready to be put into service,

it is cooled down off line, completely tested, and finally moved on line

while still cold. While the maintenance of a section is carried out off

line, the sections remaining on line can be used for acceleration.

Both the booster and the bunching system are controlled with the

assistance of an 11/34-model PDP computer, which interacts with CAMAC crates

by means of serial instructions. In general terms, hard-wired feedback

circuitry is used to control resonator phase and amplitude on a fast time

scale, whereas the computer sets the reference values and monitors and

controls phase and amplitude on a slow time scale. Similarly, the computer

sets and monitors the solenoid fields. For other parameters, such as

temperatures and vacuum pressure, the computer provides only monitoring.

And finally, the computer is used to record and analyze beam-diagnostic

information, and this makes it possible to tune the linac rapidly. The

present system has the basic capacity required to control ATLAS.



21

END VIEW OF LINAC CRYOSTAT

HEIUMN
TRANSFER

LINE

Fig. 7. End viev of beam-Un. cryostat.

Was a supon

mommoommo

i

.I

i

LIQUID NITROGEN INSTRUMENTATION AND
COOLED fP LEAOS
MEAT SHIELDS

OUTER

VACUUMK!WALL

RESONATOR

IL~g~IJL aCN



22

2. BOOSTER COMPONENTS AND PROCEDURES

a. Resonator Design and Fabrication

High-8 Units

The description of the high-8 resonators given in the original

proposal remains accurate in all respects except for the statement on p. 25

concerning the helium-flow pattern in the drift-tube assemblies. The

original arrangement was found to be unsatisfactory in that helium can be

excluded from one arm by a heat load there. Consequently, the internal

plumbing has been changed so as to require flow in series from one arm

into the other. This arrangement has not been fully tested yet, but it

is believed to be sound and has given improved performance in at least three

resonators. As discussed elsewhere, it is of great importance to solve

the helium-flow problem because to date it has been the limiting factor

in obtaining the maximum accelerating fields.

Low-0 Prototype

The prototype of the low-S units planned for sections A and B is

nearing completion and will probably have undergone some testing before

February 1979. The unit is the same as the high-8 unit in all essentials

except that it is 8 inches long instead of 14 inches. As far as we know,

it involves no new problems. A photograph of its drift-tube assembly during

fabrication is shown in Fig. 8.

b. Resonator Performance

Maximum Accelerating Fields

Eight high-B resonators have now been put into service. The

performance in the test cryostat was excellent for all of them, as is

shown by Figs. 9 and 10.
A measure of the useful accelerating field s is the field at

which 4 watts of rf power is dissipated into helium, since for our system

4 watts of cooling are available on the average. The relationship of this

point to the overall performance of Q vs &a is illustrated in Fig. 9.
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When adequate cooling is available, all of our resonators can operate with

> 4 MV/m.

Figure 10 summarizes the performance histories of the 8 resonators

now in service. The solid dots show when the resonators were delivered from

the machine shop, and the numbers in open circles give accelerating f ields

(for 4 watt dissipation) in various tests. Note that some of the resonators

initially gave only very low accelerating fields because of defects on the

arms of the drift-tube assemblies. These defects were located by making

use of second sound in superfluid helium (as described in Appendix 4 of the

original proposal) and then removed, usually by local electropolishing. The

power of this diagnostic technique may be judged from the fact that a total

of 7 defects have been present, and each of these has been correctly

located and removed on the first attempt. Because of the accumulating

information concerning the nature of the resonator defects, recently we have

been able to detect them visually and eliminate them before the initial

rf test.

As may be seen from Figs. 9 and 10, the performance of the

production-model resonators is approaching our long-term goal of

E = 4.25 MV/m for a power dissipation of 4 watts, which corresponds to a

maximum surface field of 20 MV/m. We confidently expect to achieve this

goal, but it will require a systematic investigation of the factors limiting

performance. It has not yet been feasible to devote any effort to such an

investigation.

Stability of Maximum Fields

Six of our eight resonators have been in and out of the beam-line

cryostats repeatedly since May or June and the performance of most of them

is now inferior to the original performance. Unfortunately, our data on the

subject is incomplete for several reasons. The primary reason is that,

as mentioned earlier, the drift-tube assemblies of the resonators have been

inadequately cooled and this has limited the accelerating field in a way that

has masked the inherent characteristics of the resonators. Moreover, the

low-power performance of the resonators could not be studied on line until

recently because (1) the total rf-power loss of a resonator in a beam-line

cryostat is dominated by the effect of the strongly-coupled nitrogen-cooled
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fast tuner, and (2) no other diagnostic technique was available until

recently (November). For these several reasons, we know that the useful

accelerating fields have been reduced and the Q's of some units are down

since the initial installation six months ago, but we do not know for sure

how or even when this occurred.

Some possible reasons for the deterioration in performance can

be excluded:

(1) The performance is not degraded by storing warm resonators

with a filling of nitrogen at atmospheric pressure

(our usual practice), as is illustrated by Fig. 11.

Here one sees that the performance is unchanged after

storage for 23 days at room temperature.

(2) Experience with a helix resonator on a tandem beam line

for 18 months and subjected to various vacuum accidents

indicates that the normal contamination from a beam

line need not be a problem.

(3) All of the evidence indicates that the resonators are

not very sensitive to radiation damage. For example,

during the recent run in which a 32S beam was

accelerated for two weeks under a variety of corditions,

the new resonator H-7 continued to maintain its

excellent initial characteristics.

Although there is no understanding as to the physical mechanism

involved, the degraded performance of some units was probably caused by

a major vacuum accident that occurred in mid June, before the first

beam-acceleration tests. This acceleration was originally planned as a

test of six resonators, two in section A and four in section C. However,

in mid June an explosive vacuum failure flooded both sections A and C with

a mixture of helium and air at atmospheric pressure. Section C had to be

removed from the beam line but section A was immediately pumped and cooled,

and in less than a week the two resonators in A were used to accelerate a
F beam.
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For the reasons given earlier, the performance of the resonators

in the beam-line cryostats was not measurable with any precision either

before or soon after the explosion. Nevertheless, the following

observations seem to point to the explosion as having played a role in

the deterioration of performance. These are:

(1) the Q's of the two resonators in section A do not differ

much from what they were initially, whereas the Q's

of the original four resonators in C (where the

explosion occurred) are an order of magnitude lower

than they were initially;

(2) the maximum usable fields of the two resonators in A have

remained unchanged since June and those in C are unchanged

since September. (The maximum usable fields in the beam-line

cryostats were not determined prior to the explosion because of a

decision to work initially at low fields and thus to protect the

fast tuners).

The effort to understand the degradation problem has just begun,

but already it is clear that it will not be difficult to restore the

resonators to excellent performance. In the one resonator treated to date,

the restoration was accomplished by electropolishing away 0.0008 inches

from the superconducting surface. This process, which requires disassembly

of the resonator, can be carried out in two days. It is possible that the

restoration can be accomplished even more easily by oxypolishing, which might

not require disassembly of the resonator end plates.

In summary, we now know that the resonators can be degraded in

a way not yet understood, but probably associated with an explosive vacuum

accident; we also know that:

(1) they can be stored rather casually for long periods of

time without deterioration,

(2) they can be used and can accelerate a heavy-ion beam

for long periods without apparent deterioration,

(3) they can easily and inexpensively be restored to excellent

performance, and

(4) most important, even at the degraded level of performance,

the resonators can form an attractive heavy-ion booster for

nuclear-structure research, as demonstrated recently in our

acceleration of a beam of 32S.
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I. Onuency Stabiiity

The experience gained during the past half year is gradually filling

in the details of the picture presented in the original proposal. Both the

static rf field-induced frequency shift and the vibration-induced variation

are small in the split-ring resonator, and this is one of the main virtues

of the structure. For the high-s resonator, the static shift is given by

Af (kHz) P 0.13 2a, where a is in MV/m. Thus even at 4 MV/m, the shift

is only about 2 kHz, which is small enough that our slow tuner (see

Sec. II. B2d) can easily balance out the shift.

The vibration-induced frequency variation depends, of course, on

the environment and on the design of the cryostat. Sources of mechanical

vibration may be categorized as follows: (1.) those external to the

cryostat, (2) boiling and flowing cryogenic fluids, (3) variations in the

Q of the resonator, and (4) electronic malfunction. All of these except

(4) have been observed and play a significant role in the present booster.

The main source of external noise is the turbo pump on each

cryostat. This source is removed by turning off the pump during phase-locked

operation.

Cryogenic noise can result from either the liquid-helium or the

liquid-nitrogen systems. A well-identified problem is pressure oscillations

in tubes in the helium system. These are being systematically tracked down

and eliminated. Another problem is slug flow in the liquid-nitrogen system

that cools the fast tuners. A design change now in progress is expected to

eliminate this problem. When these two well-understood problems have been

removed, the cryogenic fluids may not be a significant source of noise.

Several forms of malfunctions of the resonators cause frequency

variations, and most if not all of these malfunctions seem to be related

to inadequate cooling of the drift-tube assemblies. It is expected that

most of the problem will soon be eliminated by the improved helium-flow

system now being installed (see Sec. II.B2a).

The present situation may be summarized as follows. The control

window of the fast tuner is typically 150 Hz. This is more than twice as

wide as is required for one of the six resonators used in the recent

two-week run with a 32S beam, and it is adequate for the others most of the
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time but not all of the time. Most of the trouble in this run came from

inadequate cooling of one resonator. Thus, the present level of frequency

variation is greater than is acceptable in the long run, but numerous steps

now in progress are expected to result in greatly improved stability. In the

meantime, the experimenter is protected from the accumulation of inferior

data by gating off detecting equipment when any resonator falls out of lock

with the master oscillator.

Transit-Time Effects

(See original proposal)

Axial Asymmetry in the Accelerating Field

Because the split-ring structure itself is axially asymmetrical,

there is necessarily an axially-asymmetric component ir. the accelerating

field. The dominant effect of this kind is in the central gap, where the

influence of the two arms of the split ring are felt. In the horizontal

plane the two arms of the ring are on opposite sides of the gap and have

opposite polarities.

The magnitude of the transverse field in the horizontal plane of

the 3 = 0.105 resonator was determined by means of a bead measurement,

which had to be performed with exceptional care because of the small

magnitude of the effect. The result of the measurement is that the transverse

field x is 6 1% of the axial field 6 . The asymmetry in the vertical

plane is too small to be detected.

One of the most significant results of the first beam-acceleration

test (June 1978) with two split-ring resonators was a direct measurement of

the beam steering produced by the transverse field. The result obtained was

in almost perfect agreement with what was expected from the above result of

the bead measurements.

As is discussed in the original proposal, the effect of the field

asymmetry is unimportant for the booster because of the large bore of the

drift tube and especially because the large number of strong focusing

solenoids continually drive the beam back to the axis.

The steering effect is expected to be almost negligibly small for

the 0.060-B structure.
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L. diagnosis of Resonator Problems

The diagnostic techniques described in the original proposal have

continued to be successful and important in the off-line development of

high-quality resonators.

As mentioned in Sec. I.B and II.3 2b of this document, until

recently we have been unable to obtain quantitative information about the

performance of resonators in the beam-line cryostats because of our

inability, in these cryostats, to determine the quality factory Q from RF

measurements. The problem is that the strongly-coupled fast tuner dominates

the measured Q % 2 R 10 , and this quantity is of little interest because

the corresponding power loss (^-50 watts) is dissipated into liquid nitrogen.

The quantity of interest is the power dissipated into liquid helium,

typically a few watts per resonator.

We have recently developed a diagnostic technique in which the

whole cryogenic system is used as a calorimeter to measure directly the

heat that a resonator dissipates into liquid helium. A schematic of the

system is given in Fig. 12. The main idea of the method is that the total

heat fed into the system is kept constant so that both the intake

pressure of the refrigerator and the refrigeration capacity is constant;

then a change in heat input from a resonator is equal and opposite to the

change in the balancing heater power. Although the system is very complex

and involves the use of some 75 kW of refrigerator and compressor power,

the noise level of the balancing power is only about 0.5 W; and the response

time of the system is fairly short, .3 minutes. Thus, it is feasible to

measure an rf loss of e. small fraction of a watt in less than an hour. This

is the level of sensitivity required to measure the losses in a resonator

with Q t 109.

d. Coarse and Slow Tuning

The system of coarse and slow tuning described in the original

proposal has worked out well in practice. The remotely-controlled slow

tuner is a pneumatic device that elastically deforms one end plate of a

resonator. The range of this remotely-controlled device is '70 kHz, and
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its time constant is a few seconds. This frequency-control system is

me;. i '*ally simple, fully automatic, and reliable in operation. For

start up of a resonator, one simply turns on one switch, and several

minutes later complete phase lock has been automatically established.

Phase lock is established almost instantly when the accelerating field

is varied over a smaller range such as say 30%.

e. RF Control System

The control system described in the original proposal has by now

been thoroughly tested by the several sets of beam-acceleration tests,

and the design has been proven to be effective.

Fast Tuner

The only part of the rf control that is not straightforward is

the voltage-control reactance (VCX) used as the fast tuner. This device,

consisting of a vacuum-dielectric capacitor that can be shorted out by

closing a PIN-diode switch, controls the average rf frequency of a resonator

by varying the fraction of time that the switch is closed. Although simple

in concept, this compact device pushes the limits of technology both in the

requirements for the pulser that operates the diode switch and in the

performance of the diodes themselves.

A major element in our cryostat design is the compactness of the

VCX, a feature that greatly simplifies the mechanical design. However,

in order to make use of this property it is necessary for the PIN-diode

switch :- be inside the cryostat, where it is normally inaccessible. Thus,

it is of great importance that the diodes have a long lifetime or, since

each switch consists of 6 diodes in parallel, that we be able to remove

easily a defective (shorted) diode from operation.

In both the June and September bear-acceleration tests, a resonator

was lost from phase-controllable service because of the failure of a PIN

diode. Thus, it became clear that some small fraction of the diodes are

likely to fail, especially during conditioning when abnormally large rf
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power is poured into a resonator. This potentially serious problem has now

been largely solved by fusing each diode in such a way that the fuse for a

particular diode can be blown externally, if necessary. This arrangement

was fully tested and used to advantage in the December beam-acceleration

tests.

f. Solenoid Lens

The superconducting solenoid lens used to control the transverse

motion of the beam have worked out extremely well in practice. There is no

respect in which their performance is inferior to what was expected, as

described in the original proposal.

g. Cryostats

The cryostats used in the booster are end-loading systems &rom

which an array of from 6 to 8 resonators (depending on size) can be withdrawn

as an assembled whole. This arrangement has proved eminently satisfactory.

Since the assembly of resonators and solenoids onto their supports is done in

the open, the task is relatively easy, and minor modifications in cryogenic

plumbing are also easy. A view of section C during assembly is shown in

Fig. 13.

In initial use, the heat leaks into the cryostats were much greater

than had been expected. It turned out that the main reason for these

excessive leaks was the common phenomenon of pressure oscillations in the

liquid-helium distribution pipes. The most obvious oscillations have now

been eliminated, and the heat leaks into the cryostats are roughly what

had been expected from design calculations. Further refinements in this

area will be carried out when time permits.

One of the bolder aspects of the overall concept of the booster is

the plan to do all assembly and maintenance off line and to move fully

loaded, cold cryostats on line only after the resonators are functional.

The objective is, of course, to optimize the operational efficiency of

the booster by servicing an accelerator section off line while those remaining

on line continue to be used for beam acceleration. It has not been necessary



Fig. 13. Section C with four resonators

in place.
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yet to cool cryostats off line, but by now fully-loaded systems have often

been hoisted into position, an example of which is shown in Fig. 14. This

was a rather exciting experience the first few times!

h. Helium Refrigeration and Distribution

The helium refrigeration and distribution system is fully operational,

and in most respects it is well described in the originalproposal. Almost

to our surprise, this rather complex system actually works as planned.

Since May of 1978, when the refrigerator first went into operation,

the helium refrigeration and distribution system has been in almost

continuous operation. Two of the three compressors have now had over 4000

hours of service. During the first months of operation, there were

numerous problems: plugged valves, leaking valves, blocked heat exchangers,

etc. These problems have gradually been eliminated by fixing some minor

defects in the hardware and by developing operational skills. By now, the

operation of the system proceeds very smoothly and with a minimum investment

of operator time- an average of less than one hour daily.

The heat-balance method of calorimetry developed as a diagnostic

tool for resonators (see Sec. II.B2c) has also turned out to be quite

useful for the operation of the refrigeration system. It allows optimum

operating conditions to be determined rapidly and allows the heat load of

a cryostat or the effective capacity of the refrigerator to be measured

routinely, thus permitting a deterioration in performance to be detected.

Because of the nature of our work, the refrigeration system is

required to operate with unusual flexibility. Figure 15 shows schematically

the multiplicity of functions that it performs. On an active day, it is

switched rapidly from one function to another and, on rare occasions,

is used for most of them simultaneously.

i. Computer-Based Linac-Control System

Our plans for the computer-based control system are still well

described in the original proposal, and much of the hardware required to

implement these plans has been put into service.

In the initial operation of the linac the computer has performed

only the most rudimentary operations such as setting resonator phases and
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monitor temperatures. During the coming year, the computer will gradually

be given additional control functions, especially with regard to tuning the

booster. The long-term gial is a system in which the energy can be changed

rapidly by an arbitrary factor with no 'iuman intervention.

j. Alignment

The alignment of the booster is carried out in two steps: (1) the

resonators and solenoids in a given cryostat are geometrically aligned,

while'warm, on an axis defined by the beam ports of the cryostat, and

(2) after the accelerator section is on line and cold, its orientation is

adjusted until its axis coincides with the beam axis. For the second step,

the beam axis is established by a pencil beam defined by two apertures

before the linac (with no focusing or steering); and the relationship

between the beam axis and the axis of the assembly of resonators and solennirls

is determined by observing the extent to which the beam is steered by the

superconducting solenoids. Beam-profile monitors are used to observe the

beam position.

By now the alignment task has been carried out several times and

it is clear that the procedure is conceptually sound. Assuming that a

solenoid is accurately made, it can easily be located with an accuracy of

%0.l mm, but an accuracy of 0.3 mm is sufficient.

k. Linac Tuning

As was discussed in the original proposal, our primary approach to

tuning the booster is one that makes use of a combination of theoretical and

experimental information. In outline, an interactive computer program is

used to determine the set of accelerating fields and phases that give

the desired beam characteristics. Ilowe"er, the relationship of the phase
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of the beam pulse to the rf oscillations in each resonator is determined

experimentally. In this procedure, the first resonator is calibrated, with

all others off, and then one successively turns on and tunes each resonator

in the chain. This procedure must be repeated for each new incident ion

species, charge state, or energy.

In practice, we have been calibrating the phase of a resonator

relative to the beam pulse by finding the phase setting for which the

resonator provides no energy gain; the phase desired for acceleration is

then established from prior calculations. The energy-gain information

is obtained from a spectrometer consisting of a thin gold foil that scatters

the beam at a small forward angle into a surface-barrier detector. In order

to correct for the variation of beam steering with the phase angle, after the

beam leaves the linac it is automatically steered onto the scattering foil,

thus keeping the counting rate approximately the same for all phase angles.

To date, all of the pulse-height information has been fed into an

on-line data-collection computer and analyzed in a way that requires many

manual operations; consequently, the tuning procedure is rather laborious

and requires several hours. However, a program that automatically scans

beam energy as a function of phase angle will be tried during the next

operational period.

From the experience to date, it is clear that our tuning procedure

is conceptually sound, but many improvements in technique are desirable in

order to reduce the time required to a small fraction of an hour. These

improvements will be gradually implemented during the coming year.

3. BOOSTER OPERATIONAL EXPERIENCE

The beam-acceleration tests carried out in June, September, and

December have provided a wealth of information that could not be obtained

otherwise; (1) technical problems that were revealed only dimly by normal

component testing were brought into sharp focus, (2) the need for skilled

operational manpower was emphasized, and (3) reliable information about

operating costs is beginning to take form. Also, of course, we are beginning

to acquire realistic information about beam characteristics and operational

efficiency.
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The accelerator system involved in the beam-acceleration tests

is .hc.m in Fig. 16. In order to make the linac more compact, section A

was moved downstream to the position that will later be occupied by a

full-sized section. The helium refrigeration and distribution system was

used in its normal way. A 6-ft high concrete-block wall (not shown) to

the south of the booster shielded the assembly area (which also houses

rf electronics) from bremsstrahlung radiation generated by resonators.

At the output of the linac, the beam diagnostic system and the nuclear-

physics apparatus (neither shown) were located as close to the booster

output as feasible so as to minimize the broadening (in time) of the

output-beam pulse.

The final components used to shape the incident beam in both

transverse and longitudinal phase space are also shown in Fig. 16. The

relationship between the present arrangement and what is planned for a

later stage is illustrated in Fig. 17. The present arrangement has several

severe shortcomings, especially the following:

(1) Energy straggling in the second stripper increases the

energy spread of the beam to an unnecessary degree

(typically a factor of 2) because there is n time

focus at the stripper.

(2) The lack of a rebuncher after the booster makes it

difficult to produce a narrow burst at a target well

downstream from the linac. This problem is expecially

unfortunate because it greatly limits the usefulness

of a potentially powerful characteristic of the

accelerator system. A shortage of funds makes it

necessary to defer installation of a rebuncher and

the associated beam-line hardware un:i . FY 1980.

a. Beam-Acceleration Tests in June

The beam-acceleration tests in June were originally expected to

involve a system of six resonators assembled in their beam-line cryostats,

two in section A and four in section C. This system was aligned on the

beam line and all preparations for beam acceleration had been completed

when a vacuum accident created an explosion that ruptured a bellows in
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the helium-distribution system of cryostat C. This accident flooded both

sections A and C with a mixture of helium and air at atmospheric pressure

and made it necessary to disassemble section C.

The origins of the excessive pressure that caused the bellows to

rupture has not been established with certainty. However, a number of steps

have been taken to minimize the probability of a recurrence including:

(1) the reduction of the trigger levels of relief valves, (2) a redesign

of the mounting of the ruptured bellows, and (3) the

installation of a pressure alarm on the helium-distribution system.

Since section A did not appear to be damaged mechanically by the

accident, it was immediately pumped and cooled, and in less than a week

the two resonators in A were used to accelerate a 19F6+ beam. These tests

show that (a) the resonators were still functioning after a rather dramatic

vacuum accident, (b) the use of the beam to align the accelerator sections

to the beam axis is straightforward, (c) the tuning of the phase of resonators

to the pulsed beam is easy, and (d) the magnitude of steering by the resonators

is accurately what had been expected. The tests also showed up various

problems including (a) the presence of excessive heat leaks in the cryogenic

system, (b) the need to reduce the rf frequency variations, and (c) the

inadequacy of our hastily assembled nitrogen-distribution system. Most of

the above topics have been discussed at greater length in earlier sections.

b. Beam-Acceleration Tests in September

The months of July and August were spent in repairing section C

and in working on some of the problems listed above.

The second set of beam-acceleration tests started on September 5,
with five functioning resonators (again 2 in A and 3 in C). The projectile

was 1606+ with an incident energy of 56 MeV. After aligning the accelerator

sections to the beam and tuning the two-stage bunching system, the booster

itself was put into operation on September 7 and again on September 8. As

in the June tests with two resonators, the linac-tuning process proved to

be quite easy.
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The booster increased the energy cf the 56-MeV incident beam to

78 MeV, and the system was operated for several hours. The overall

stability of the system was excellent, and the beam was quickly

reestablished after several mishaps such as tripped circuit breakers.

It was clear that, after several obvious problems were eliminated, the

booster would be easy to operate.

During beam acceleration, the accelerating fields of the five

resonators were as follows: 41 - 1.9 MV/m, 62 - 3.0 MV/m, E3 * 2.3 MV/m,

4 1 9 MV/m, and 45 a 2.2 MV/m.* The overall voltage gain (after

correcting for transit-time effects) was 4.0 MV.

The acceleration tests revealed several significant problems, none

of which is thought to be fundamental. Perhaps the most bothersome problem

was the fact that, although all of the resonators operated at accelerating

fields k 3 MV/m when first turned on, only one was stable for long periods

of time at the high field. Such behavior had not been observed previously

':hen operating the same resonators individually in the test cryostat.

Temperature measurements carried out after the acceleration tests showed

that the problem was correlated with inadequate cooling of the drift tubes.

A second important problem brought into focus by the September

tests was the fact that occasionally a diode in a fast tuner burns out,

especially during conditioning. The switch of the fast tuner consists of

6 diodes in parallel, more than is required for the maximum currents.

However, in all of the failures so far a single diode shorted, thus

incapacitating the whole unit.

As a part of the test of the whole tandem-buncher-booster system,

the first nuclear-physics experiment with a beam from the booster was

started on September 14. The experiment, a rather ambitious one, consisted

of a multi-parameter study of the interaction of 48Ca with 75-MeV 160 ions.

The pulsed-beam property of the beam was used for mass identification of

both the light and heavy reaction products. The booster provided a beam

continuously over a period of 56 hours, with no major breakdowns and with

no one in attendance of the booster during some rather long blocks of time.

The system of subscript labels here differs from that used in our
Newsletter for September 1978. Inthe present usage, the subscript refers
to the serial number of the resonator.
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c. Preparations for Beam Acceleration Tests in December

As stated above, the September tests showed that the resonators

were not performing as well as they should, and there was good evidence that

at least part of the problem resulted from inadequate cooling of the

drift-tube assemblies. Further investigations showed that the initial

arrangement for guiding the flow of helium within the drift-tube assembly

is unsound in principle, and consequently the arrangement was changed.

Tests on the new arrangement indicated that the resonators performed

somewhat better, but the cooling was still inadequate. Finally, it was

concluded that it was necessary to force the helium to flow in series from

one drift tube into the other, thus eliminating the possibility that gas

could block the flow of liquid to one arm. This change was somewhat difficult

to implement but an appropriate plumbing arrangement was installed in the

resonators of section C (but not A) prior to the December run.

During November two new resonators, H-7 and H-8, were put into

service. Both had excellent performance in the test cryostat , giving an

accelerating field of 3.9 MV/m for a power dissipation of 4 watts; and both

achieved this performance on the first attempt. Resonators H-7 and H-8

were then both installed in section C.

In November, two of the resonators,

(H-3 and :3-4) were removed from cryostat C and run in

the test cryostat. It was found that the 0 of each unit had gone

down by an order of magnitude since its initial tests in the Spring.

Unit H-4 was restored to good performance by removing 0.0008 inches from

the superconducting surfaces by electropolishing, and both units were

then reinstalled in section C in time for the December tests.

A third big problem worked on before the December tests was the

occasional failure of a PIN diode in a fast tuner, a problem that had

removed one unit from phase -locked operation during both the June and

September tests. The solution devised for this problem was to fuse each

diode individually in such a way that, if a diode shorts out, it can be

eliminated from the circuit by blowing its fuse from the outside. As will

be seen below, this technique has been quite successful and useful.
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L.. Beam-Acceleration Tests in December

For the planned tests, eight resonators were mounted in their

cryostats, two in section A and a full complement of six in section C. An

immediate disappointment was the discovery that two of the best of these

(H-8 and H-5 in section C) could not function for more than a few

minutes because they were hardly being cooled. Since at this writing

the cryostat has not yet been disassembled, this problem is not understood,

but we believe that it results from a assembly error. In any case, only

six resonators were available for use.

Alignment and tuning of the six-resonator booster and the bunching

system began on November 27, and by December 2 a beam of doubly-stripped
32S was being accelerated. The tandem injector was operated with 8.5 MV on

the terminal and provided an 85-MeV beam of 32S 9+, which was stripped to
32 14+ by means of a stripper placed before the analyzer magnet. This beam

was injected into the booster and accelerated to 148 MeV, as determined from

the pulse height in a surface-barrier detector. The system was then

operated for about a week in a variety of modes, including a considerable

time devoted to getting beams tuned from the booster into the experimental

apparatus. Finally, these investigations were completed and from

December 8 to 14 (5 1/2 days) a beam of 32S14+ was provided (with only a

few interruptions) for two different nuclear-physics experiments; the

beam energy ranged from 136 to 144 MeV, depending on the needs of the

experiment.

The accelerating fields used in the December runs were varied from

time to time, but the maximum fields used over long periods (days) were

= 2.1, 2 = 3.0, 3= 1.9, , - 2.2, 6 = 1.7 , 7 = 3.4 MV/m, which

corresponds to a total voltage of 5.1 MV. The subscript labels

on the accelerating fields refer to the resonator

numbers in the same way as for the September run, and
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thus the two sets of data may be compared. The comparison is rather inexact,

however, because the judgement of what is an acceptable maximum accelerating

field (one that can be sustained forever) is somewhat subjective.

Nevertheless, the data for September and December certainly

show no indication of a continuing deterioration in performance.

After the system was fully operational, the beam on target was

about 30 nA. The available evidence indicates that the beam transmission

through the linac is 100%, as expected. Although the transverse emittance

of the output beam was not measured, obviously it is small because it is

very easy to form a small beam spot at the profile monitor '\0.5 m

downstream from the linac.

The minimum pulse width observed for the accelerated beam was

'210 psec. Presumably the pulse is considerably narrower than this

as it leaves the linac but, as was mentioned earlier, it is difficult to

project a narrow pulse onto a downstream target without a rebuncher. Also,

the beam pulse was probably wider than it should have been because of an

error in selecting the optimum amplitude of the post-tandem buncher,

discovered after the run.

A small effort was devoted to measuring the stability of the linac

energy gain. As measured electronically, the amplitude of a resonator is

stable to one part in 40,000, but this might not be a valid measure of the

stability of accelerating field for the system as a whole. The question of

overall stability was studied by measuring the time spectrum of the detector

in the experimental chamber some 6 meters downstream from the booster; the

zero time was derived from the linac master oscillator. The spectrum was

measured repeatedly for periods of one minute, for each spectrum a time

centroid was deduced, and from this the corresponding energy centroid was

calculated. The energy variation iE of the pulsed beam provided by the tandem and

buncher alone was found to be AE/E % 3 x 10-5 (rms), with maximum excursions

about 4 times this value. From similar data for the beam accelerated by

the two resonators in section A, we find that the apparent instability in
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Lh1 accelerating field is A p/ t3 x 10-4 (rms) when the resonators are

operated CW and s significantly larger when the hastily-installed pulsed

mode is used. The subject needs further investigation.

Unlike earlier experience, during the December operation the

helium-refrigeration system had a substantial excess cooling capacity-

perhaps as much as 30 watts. This improved performance was brought about

mainly by the elimination of pressure oscillations in the helium lines of the

cryostats.

For a variety of reasons, some of the resonators lost phase lock

frequently, if only for an instant. During such a period, the beam energy

and timing is likely to be quite wrong and, unless data taken during this

time is eliminated, the quality of the experimental data would be degraded.

To prevent such degradation, an out-of-lock signal was generated with which

to gate off detection equipment. Under the best operating conditions, the

gate was open about 70% of the time (averaged over an hour) and typically

it was open 50% of the time. A large fraction of the out-of-lock condition

was generated by one resonator in section A, where the helium cooling

was obviously unstable. Presumably this problem will be removed soon when

the series-flow pattern of cooling is installed in section A.

Another form of malfunction that became apparent in a long run

was the fact that several of the resonators occasionally turned off, started

back to power, but got stopped at a multipactoring barrier. In order to

avoid the need to have an operator present to correct this

malfunction, we instituted a system in which the misbehaving resonators were

automatically pulsed completely off for 2 sec every half minute. This

permitted a collapsed resonator to restart and resume normal operation.

Ratl:er remarkabLy, the act of pulsing the resonators off and on does not

excite mechanical vibrations to a significant degree.

A final operational problem was a tendency of two of the resonators

in section C to decondition during 3 or 4 days of operation. The original

performance could be restored by our standard process of "helium conditioning"

for a period of about two hours. We suspect that the deconditioning of these

resonators may be related to the fact that section C was cooled down very

soon after vacuum pumping had started, with the result that there may be an

excessive amount of condensed gas inside the resonators. This possibility

will be investigated, of course.
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As discussed earlier, the PIN diodes of the fast tuner were fused

prior to the December tests. The fusing worked as planned and was used to

good advantage to save resonator H-7 (the best one) for phase-.ocked

operation.

Once the initial learning period had passed, the whole tandem-

buncher-linac system operated with remarkable reliability. The tandem

operated for days on end with minimal tuning, providing the exceptionally

stable terminal voltage required for the proper operation of the 2-stage

bunching system. The bunching system itself (involving the equivalent

of 7 resonators) functioned for the full 2 1/2-week period of operation

without retuning.

The booster itself required no operator attention for long periods

of time. Someone was in the area most of the time during the run, but for

periods as long as a day there were no malfunctions that were not taken care

of automatically without human intervention. Once again, as in September,

we were confirmed in our confidence that the linac is going to be an easy

machine to operate.

e. Schedule for 1979 and 1980

The developmental program planned for 1979 and 1980 is expected to

upgrade the performance of the booster steadily both by the installation of

additional components and by improving the performance of all components.

The schedule for key events in this development are summarized by Fig. 18,

which plots the projected accelerating voltage of the booster as a function

of time. The number above each step in performance is the number of functioning

resonators, and the upward slope of the connecting lines gives an estimate of

the rate at which the average accelerating field of the resonators will increase.
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4. THE ATLAS LINAC

Our plans for the ATLAS linac are identical to those given in the

original proposal. In particular, the linac will consist of a total of

seven sections, including the four sections in the booster. We continue

to feel that the optimum approach is to build a system that emphasizes the

acceleration of ions in the lower half of the periodic table but is readily

extendible to the acceleration of all ions, if this later proves desirable.

An important feature of the planned configuration is that it permits the

extension involved in the formation of ATLAS to be added without a disruption

of ongoing research with the beam from the booster; and the configuration also

makes it easy to obtain two independent beams without a loss of intensity

to either.

For convenience, the basic plans for the main sub-systems of the

extension required to form the ATLAS linac (as given in the original proposal)

are reproduced here as follows.

Resonators

The split-ring resonator will be used as the accelerating structure,

and a new model of the structure optimized for higher ion velocities will be

developed.

RF Control

The method of frequency and phase control will be the same as in

the booster.

System Control

The present control computer has the basic capacity to handle the

enlarged linac, and control will be extended to beam lines and to some

tandem functions.

Beam Focussing

Superconducting solenoids will continue to be used as the focussing

elements.

Cryostat

The design of the cryostats will be the same as in the booster, and

the same length of module will be maintained, thus making it easy to change the

velocity profile of the linac by moving accelerator sections.
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Helium Refrigeration and Distribution

An additional ' 200 watts of helium refrigeration will be installed,

and the method of helium distribution will be the same as in the booster.
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C. THE FN TANDEM

1. RECENT OPERATING EXPERIENCE

The modified Argonne FN tandem has operated for 5000 hours in its

new configuraration with NEC accelerator tubes, and a realistic evaluation

of its performance can now be made.

a) The heavy-ion beams have excellent directional stability

and minimal variations in ion transit time.

b) For beams near A = 40, the transmission from the

low-energy cup to the high-energy cup is approximately

60%.

c) The available upcharge is sufficient for heavy-ion injection

at the 4-uA level.

d) There is little if any loss of charge due to ionization of

the insulating gas.

e) The accelerator has been run for experiments with a

terminal voltage of 9 MV.

f) The operational problems have been minimal. Some

difficulties due to defective welds in the corona

system have been experienced, but they are readily

corrected.

g) The lifetime of the corona needles in both corona

systems is expected to be in excess of 10,000 hours.

h) Accidental contamination of the low-energy accelerator

tube occurred once. This problem was corrected by a

bakeout of the system.

i) There have been reports of difficulties with conversions

to NEC accelerator tubes at other installations. Such

problems have not been present at Argonne. The machine

operates well with voltages of 380 kV/section, whereas

the nominal voltage gradient in NEC accelerators is

333 kV/section.
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j) It does not appear to be useful to add gas to the accelerator

tubes in order to stabilize the accelerator at high

voltages.

k) The rate of major sparks is less than one per hour when

the terminal voltage is 8.55 MV and 1 pA of 32S- is injected

into the machine. The terminal voltage recovers without

reconditioning after 98% of such major sparks, and <30

minutes of reconditioning is required for any spark.

A summary of operating conditions for several experiments performed

in 1978 are given in Table 1. The 32S run lasted 16 days, the 35C1 run

lasted 2 days, and the 12C run lasted 7 days. The beam currents listed are

average values for these runs.

2. IMPROVEMENTS IN PROGRESS

Several of the modifications listed in the ATLAS proposal,

p. 83- 87, have been carried out. In some cases, priorities have been

rearranged in view of operating experience and program requirements.

a. Terminal-Pumping Control

It has been determined that even without terminal pumping, the

terminal-box pressure is at less than 1 x 10 Torr. Therefore, the

operation of the terminal sublimation pumps has been discontinued for the

time being.

b. Power to the Terminal

This work has been postponed due to a lack of funds and manpower.

c. Beam Diagnostics

The four-jaw slit has been installed in the .'cation shown on

Fig. 29, p. 80 of the ATLAS proposal and is operational. Preliminary

results indicate that its use will allow the mass of the injected beam to

be selected to better than 1 part in 100.



Operating conditions of the Argonne FN tandem for several experiments carried out in 1978.
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d. Vacuum Systems

The turbo-molecular pumps closest to the tandem have been replaced

by cryopumps. The ion pump at the low energy end of the machine has been

replaced by a different model, less susceptible to contamination.

e. Ion Source

The 150-kV power supply for the injector has been replaced by one

with better stability and lower ripple. This has resulted in a large reduction

in the energy spread of the negative-ion beam at the pre-tandem buncher.

Remote controls for critical parts of the sputter source have been placed in

operation. This allows better matching of the source to the machine,

which is useful even for routine operation.

3. TANDEM MODIFICATIONS FOR ATLAS

The general outline of planned modifications for ATLAS is the

same as in the original proposal, but some details have changed.

a. Ion Sources

The information required for the development of a good ion-source

system for ATLAS is being acquired. By the use of different apertures in

the sputter cone, it was established that more than 60% of the negative ions

which are accepted by the tandem originate in a spot of 2 mm radius on the

source target. Therefore, the inverted sputter source is useable as a

source of isotopically enriched materials.

Time-of-flight measurements on the bunched beam from the tandem

indicate that the energy spread of ions from a direct-extraction

duoplasmatron is often too large to allow successful use of such a source

with the buncher.

b. Injection Magnet

(No change in proposal.)
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c. Gas Stripping in Terminal

(No change in proposal.)

d. Foil Stripping in the Terminal

The first steps toward the terminal-stripping system planned for

ATLAS have been taken. The 115-foil NEC stripper assembly has been replaced

by a 230-foil NEC stripper. Since venting of the accelerator tubes for foil

changing impairs the operating efficiency of the accelerator, the all-metal

gate valves mentioned on p. 87 of the proposal have been designed, constructed,

and installed. These valves are, except for minor modif ications, similar to

the Canberra design and, for 8-MV operation, they allow a turn-around time of

less than 24 hours.

The energy spreads of the 32S and 160 beams were measured, again

using the time spectrum of the bunched beam, to be approximately proportional

to the square root of the stripper-foil thickness. (See Sec. II D ). It was

also found that beam transmission from the high-energy cup to the analyzing-

magnet shutter (for fixed settings of the magnet slits) is improved by using

2-rg/cm rather than 5-ug/cm2 stripping foils in the terminal.

The individual lifetimes of a set of 5-ug /cm2 thick stripper foils in

the terminal were measured for a 32S beam. The average behavior is shown in Fig. 19.

When a 1-uA beam of 32S is injected into the tandem, the total useful

operating time of a set of 5-ug/cm2 stripper foils is about 250 hours. With

Ca and Ti beams from existing ion sources, this operating time should exceed

500 hours. No lifetime data on 2-g /cm2 foils has been acquired yet.

Developmental work on the fabrication of foils along the lines of

the recent Harwell-Daresbury discovery is being actively pursued.

The plans for other items in this section of the proposal, such as

a very large new foil changer and quadrupole focusing, have not changed.

e. High-Energy Quadrupoles

(No change in proposal.)
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D. BEAM BUNCHING

The two-stage beam-bunching system now routinely used with the

booster was described in detail in the original proposal. The system was

designed to bunch '75% of the dc beam from the ion source into pulses

<100 psec wide at a frequency of 97/2 MHz. The system has repeatedly

demonstrated performance that is consistent with this demanding specification.

The bunching system consists of four major components: (1) a

pre-tandem room-temperature buncher that forms a large fraction of the

dc beam into pulses about 1 nsec wide at a frequency of 48.5 MHz, (2) a

superconducting resonator that compresses these pulses down to the desired

50-psec width, (3) a phase detector that dynamically couples the phases

of the two bunching systems, and (4) a post-tandem beam chopper that removes

the small background of unbunched ions. In addition to these four

components, the first few resonators of the linac can function in effect

as part of the bunching system; if their phases are properly chosen, they

match the phase ellipse of the beam to the requirements of the remainder

of the linac.

The difficult part of the beam-bunching process is pre-tandem

bunching, which can be degraded by a number of effects. In order to

meet the overall requirement of a very narrow pulse at the linac, it is

desirable for the pre-buncher to provide the superconducting post-tandem

buncher with a beam pulse that is X 1 nsec wide (FWHM). In the original

proposal, examples of such performance were given for 1H, 12C, 15N, and 160

ions. The prebuncher has now been shown to be effective for much heavier

ions also, as is shown by the results for 58Ni ions given in Fig. 20.

The bunching of heavy ions is an evolving technology that we

intend to push, whether or not ATLAS is built. The performance of the

present bunching system is outstanding, but nevertheless it is deficient in

two important respects: (1) tuning of the four harmonics of the pre-tandem

buncher is difficult, and (2) the pulse rate of 97/2 MHz is too restrictive
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for some experiments. These and several lesser problems will be attacked

during the next two years.

The buncher-tuning problem will probably be solved by the

refinement of existing hardware and procedures and by the systematic

accumulation of a library of experience.

Two approaches will be used in the development of a system that

provides a range of pulsing frequencies: (1) extension of the capability

of the pre-buncher to operate at 97/4 MHz in addition to 97/2 MHz, and

(2) construction of a beam-pulse deflection system that can flexibly

select for use almost any sequence of beam pulses.

1. BEAM CHOPPER

(See original proposal)

2. PHASE DETECTION AND STABILIZATION

An essential component of the two-stage bunching system is a

phase detector that senses when the beam bunch from the tandem arrives at

the post-tandem buncher and uses this information to control the time of

arrival by varying the operating phase of the pre-tandem buncher. In our

system, the phase detector is a room-temperature helix resonator that is

excited by the train of beam pulses, as is described in considerable

detail in the original proposal.

There is little new to say about the phase detector itself except

that it has functioned well when used to control the beam injected into the

booster. Only when the tandem is performing badly does the phase detector

have difficulty in maintaining phase lock between the pre-buncher and the

master oscillator of the rf system. In our experience to date, there is

a one-to-one correlation between the qualitative appearance of an

oscilloscope trace of the tandem-terminal voltage and the behavior of the

phase-error signal of the phase detector. When the terminal is normally

quiet (AV S 1 kV), the phase detector operates with ease. But when,

through some malfunction, the terminal voltage varies more,

the phase detector loses phase lock frequently; this is not considered to be

a problem because under these conditions the tandem should be repaired in

any case.
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E. DEBUNCHING

(See original proposal)

F. BEAM DYNAMICS

(See original proposal)

G. NEW CONSTRUCTION

The main change in the present revised proposal for the ATLAS

facility is that the proposed new experimental area is expanded somewhat.

The building layout planned now is shown in Fig. 1.

The distinctive feature of the building addition in the original

proposal is a 3200-sq. ft. experimental hall formed by an all-steel,

prefabricated self-supporting arch mounted on concrete footings, with

thermal insulation and radiation shielding being provided by a 6-inch thick

layer of concrete and several feet of earth. It is believed that this

arrangement is the most economical approach that is consistent with the

requirements of the experimental program. In the present revision of the

proposal, we plan to have an experimental hall made in the same way and

with the same floor space; however, the utilization of the space is improved

by mounting the self-supporting arch on an 8-ft high concrete wall. This

inexpensive modification provides two benefits: (1) the edges of the room

are more useful, and (2) the increased ceiling height makes it feasible to

install a crane that has access to most of the floor space. The cost of

such a crane is included in the estimates.

In the original proposal, it was assumed that the existing data-

recording room would be used for experiments in all target areas, including

the new Target Area III. Further examination has lead to the conclusion,

however, that research efficiency will be considerably enhanced by having

a data-recording room attached to Area III and dedicated to experiments

there. The 1000-sq. ft. new area planned for this purpose is rather

inexpensive since it is formed of concrete block, except for a retaining wall

for the earth shielding of the target room.
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The new experimental area is connected to the existing Building

203 by means of unheated covered passageways suitable for rolling experimental

equipment.

H. EXPERIMENTAL AND SUPPORT FACILITIES

Our general ideas for the experimental system required for ATLAS

remain unchanged except that, as discussed in Sec. G above, the data-

recording room for Target Area III is now planned as a new room directly

adjacent to the target area. This plan will necessitate the acquisition

of a new on-line computer, of course, but this is judged not to be a

drawback. By the time ATLAS is operational, the present system based on

a PDP 11/45 will be rather old ("'8 yrs) and would need to be upgraded

substantially in order to support the expanded experimental program

associated with the two independent beams from ATLAS.
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III. PERFORMANCE OF ATLAS

The original proposal is still a good description of the performance

expected of ATLAS.

Until now, one of the uncertainties involved in the projection of

the performance of most heavy-ion accelerators has been that the data on

energy straggling in thin stripping foils is rather limited and not always reliable.

Our bunching system provides an elegant and (for us) natural tool with which

to study energy straggling. With a good surface-barrier detector in a

scattering chamber 20 meters from our superconducting buncher, an energy

resolution of "10 keV can be obtained routinely for most ions from the

tandem, and this allows the energy straggling in a foil to be measured well

in a few minutes. The energy spread of the beam itself is a consideration

only for the thinnest foils (' 2 ug/cm2)

Straggling data measured by the time-of-flight method are being

gradually accumulated. Results obtained recently for 160 and 32S beams are

given in Table II. Note that, as discussed in Section IIB3d, the

second stripper contributes greatly to the energy spread of the beam injected

into the booster because, in the present temporary arrangement, there is no

time focus at the second stripper.
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Table 2. Energy straggling in carbon stipper foils. The measured quantity

is the time spread At. The energy spread AE is inferred from At. All

widths are FWHM.

Post-tandem
Stripper

5

10

15

20

25

g/cm2

pg/cm2

pg/cm2

4g/cm2

2 14/cm2

5 P/cm2

56-MeV 160
At(psec) AE(keV)

146

217

210

243

221

243

21

31

30

34

31

34

80-MeV 32S
At(psec) AE(keV)

345 59

199

431

34

74

Terminal
Stripper

5 pg/cm2
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IV. SCIENTIFIC JUSTIFICATION

INTRODUCTION

In the ten months since the ATLAS proposal was prepared, the

perspective on heavy-ion physics has not changed drastically. We mention

here a few recent developments, concentrating on work done at Argonne, and

in particular, present some of the data obtained during the December run

with the superconducting linac.

A. DISTRIBUTION OF REACTION STRENGTH AND THE

DEEP INELASTIC PROCESSES

It is by now well established that a prominent feature of the

reaction cross section in heavy ion collisions is the dominance of the deep

inelastic processes. The gross characteristics of these processes have

been widely studied, as evidenced by recent review articles [e.g. Schrder

and Huizenga, 1977]. However, very little is known about aspects of nuclear

structure that underlie these reaction processes.

The trend in studying such reactions has been to extend the

measurements to increasingly heavier systems and higher energies.

Measurements published during the past year indicate that some nuclear-

structure effects may become more evident near the Coulomb barrier and in

light to medium-heavy systems, where present experimental techniques allow

the separation of individual reaction channels with good energy resolution.

Examples of such work near the Coulomb barrier are experiments in the

system 208Pb + Pd [Essel et al., 1978] at GSI and detailed studies in

the 40Ca + 40Ca system [Frascaria et al., 1977/78] at Orsay.

Ia Figure 21 we show an example of the Orsay work, where intermediate

structure seems to be present in the energy spectra of various scandium and

calcium isotopes corresponding to two-body final channels. In addition,

there appear to be differences between channels,indicating a sensitivity

to the structure of the specific nuclei involved. Similar work is now
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starting at other laboratories; and parts of the first particle experiments

performed with the Argonne superconducting booster were aimed towards these

questions.

Particle Ex eriments with thie Su erconduc tins Booster

The interactions of 143-MeV 32S ions incident on 40Ca and 48Ca

nuclei were studied. This work is a natural extension to heavier projectiles cf

previous extensive studies at the Argonne FN tandem of 160 incident on various

Ca isotopes. The new results are preliminary and not fully analyzed, but we

find rather different behaviors for the two systems.

Figure 22 shows a spectrum of differential energy loss AE versus

total energy E for the various reaction products and, qualitatively, the

pattern of distribution of reaction strength appears to be rather different

for the 40Ca and 48Ca targets. The total yields summed over energy for

different final nuclear charges Z are shown in Figure 23(a), where one

observes that the regular staggering between even and odd charge transfers

is considerably more pronounced for 40Ca than for 48Ca. Further studies

will reveal whether this is a simple kinematic effect due to the Q values

of final reaction channels with "a-like" nuclei or is some more profound

structure effect. Figure 23(b) shows the energy spectra for final silicon

nuclei, and again the data suggest a qualitative difference between 40Ca and

48 Ca targets.

B. NUCLEAR STRUCTURE AT HIGH ANGULAR MOMENTUM

Many developments in the study of nuclear structure at high angular

momentum have occurred since the original ATLAS proposal was written.

Experiments on continuum y rays at Berkeley, Canberra, GSI, Groningen and

Oak Ridge have yielded new information on highly-excited states at high spin.

Considerable progress has also been made in the study of discrete states at

high angular momentum. An Argonne-Chalk River collaboration has identified

the yrast states of 151Dy and 152Dy to spins as high as 37 [Khoo, 1978],

while states in 154Er have been observed to spin 36 [Baktash et al., 1978].
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The irregularities of the yrast line as well as the lifetimes of yrast states

(which have been measured by the Argonne-Chalk River collaboration using

electronic and recoil distance methods) demonstrate that the yrast angular

momenta are generated from alignment of a few nucleons, rather than by

collective rotation.

Figure 24, a plot of the yrast energies in 152Dy vs I(I + 1), shows

that the yrast energies increase as (l 2/2(I (I+1) ], on the average for

I , 14. The effective moments of inertia characterizing the slope of the

yrast line on such a plot, are close to the rigid-sphere values. This behavior

confirms for the first time predictions (Bohr and Mottelson, 1975] concerningaligned

cunf igurations. The effective moie.nt of inertia for 152Dy is about 20% larger than

that for LIDy, which is very close to the rigid-sphere value. The difference is

a striking result, although the implications are not immediately apparent.

Studies of the multiplicity of continuum y radiation at Berkeley

(Deleplanque, 1978] have demonstrated that in this mass region (N ̂" 82)

dipole decay competes with stretched-quadrupole emission, in contrast to the

predominance of the latter mode for prolate-deformed cases. Although

continuum y-ray studies probe states which extend to excitation energies

far above the yrast line, these observations are consistent with what is

expected from the occurrence of single-particle excitations along the yrast

line, as established in the discrete-line studies discussed above. This

implies that the character of states with several MeV of excitation above

the yrast line is probably similar to that of the yrast line itself.

The recent data on very-high-spin states indicate the richness

of phenomena associated with large angular momenta. Many questions remain

to be answered. For instance, it is not clear if a transition to oblate

shapes occum at high spins. Systematic studies of the yrast-line behavior

as a function of neutron and proton number will yield pertinent information.

Measurements of g-factors and quadrupole moments will also have useful

impact.

y-R _Exeerimsnt s at the Linac

We have employed- the first 32S beams from the linac in (32S,xn)

studies of 148,149,150Dy, in order to extend the yrast-line systematics
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beyond 151,152Dy. Figure 25 shows y rays from 150Dy which are prompt and

delayed with respect t:o the beam pulse. Figure 26 shows time spectra for a

number of transitions. The time distribution for the line from Coulomb

excitation demonstrates the experimental time resolution. The spectra for

lineb in Dy show a succession of isomers with lifetimes of around 3 ns

(note the growth and decay character for the 803-keV 2+ 0+ transition).

It is clear from these examples tnat lifetimes as small as 1 ns can be

easily observed in such time spectra, due mainly to the time structure

associated with the linac beam. (Significantly shorter lifetimes can be

measured by the centroid-shift method.) This is strikingly illustrated by the

fact that y-ray spectra in Fig. 25,which are separated by 2.9 ns, clearly

distinguish between prompt and delayed components.

As another example of results from the initial beams from the linac

we show in Fig. 27 a spectrum of y rays feeding ^10 and 60 ns isomers in

151Dy and 152Dy. The observed y rays were observed in coincidence with

delayed events in an array of five 3" x 3" Nat detectors which acted as

a tag of isomer formation.

C. RESONANCES IN HEAVY-ION COLLISIONS

Recent elastic and inelastic scattering measurements at extreme

back angles have revealed resonant behavior in heavy-ion systems heavier

than the traditional light ones [e.g. 160 + 28Si, Barrette et al., 1977].

The prospect of resonant structure in such systems at high angular momentum

and excitation energy (typically 50 MeV in the compound nucleus) is rather

exciting.

At Argonne such resonances were studied through transfer reactions.

In this case the analysis seems less ambiguous because the non-resonant

background can be predicted through direct-reaction calculations. Figure 28

shows pronounced structure in the excitation functions for 24Mg(160,12C)28Si

at forward angles, which is very different from the smooth behavior predicted

by direct-reaction calculations [Paul et al., 1978].
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With ATLAS such studies can be extended to higher energies. This

seems particularly desirable in view of recent results in lighter systems

[Nagatani, 1978], where a-particle energy spectra from the 160 + 12C reaction

at high incident energy ( 150 MeV) indicates the population of high spin

states in 24Mg through "massive" 12C transfer. The states seen are near

those appearing as resonances in C12-C12 reactions and inelastic scattering

[Cormier et al., 1978]. Corresponding experiments for the heavier systems,
16 28 40 *

e.g. 0 + Si -+ Ca + a, seem very interesting and ATLAS will be well

suited to provide the required higher energies and the necessary beam quality.

D. BEAM-FOIL SPECTROSCOPY

A recent accurate measurement of the triplet resonance transition

of two electron chlorine 2s3S-2p 3P, to a precision of 20 ppm, has been made

using an 80-MeV foil-excited chlorine beam from the Argonne FN tandem

(Berry et al., 1978]. The result points out the need for improvement in

relativistic atomic structure theory and provides a Lamb-shift measurement

for Z - 17 accurate to 0.3%.

2s-2p L.S. (expt) = 964 3 cm

L.S. (Mohr-theory) = 979.4 cm-1

L.S. (Erickson-theory) = 998.8 cm 1

An extension of these measurements on Z = 17, and also for other

Z ions in this region [Si(Z=14); S(Z=16); Ti(Z=22)] will be feasible soon

with the ATLAS system.
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V. MANPOWER AND OUTSIDE USER POLICY

A. TECHNICAL MANPOWER

The manpower dedicated to the Superconducting Linac Project is

the same as in the original proposal except that C. H. Scheibelhut, a design

engineer, has returned to his home base in the Engineering Division.

The main change in the project as a whole is the increasing

involvement of the nuclear physicists in everything having to do with the

experimental area and with beam transport and diagnostics in general. Also,

W. Henning continues to take the lead in developing bunching techniques.

B. SCIENTIFIC MANPOWER AT ARGONNE

(See original proposal)

C. OUTSIDE USERS

Our operation of the booster has until now been so developmental

in nature that it has not seemed appropriate to involve physicists from

outside the laboratory in the use of its beam. However, this situation will

change during 1979, and collaborations with outside users are expected to

develop.

Our thoughts on the way in which ATLAS should be operated have not

changed since the original proposal. They are reprinted below.

The ATLAS facility will be operated as a national facility with

all beam time for research allocated on the basis of scientific merit.

A Program Advisory Committee similar to those at other major facilities,

with a majority of members from outside Argonne, will be asked to review all

proposed experiments. Scheduling will have to be the responsibility of the

facility management, especially because of the need to schedule compatible

experiments at the two independent beams.





VI. COST ESTIMATES AND SCHEDULE

A. CONSTRUCTION COSTS

Revised estimates of the funding required to carry out the ATLAS

project are summarized in Table 3. Except for the grand total, estimates are

in terms of current dollars (January 1979). Since the main cost of the project

is for the linac and since the proposed linac is an extension of an existing

technology and prototype machine, the costs can be estimated with unusual

accuracy.

The revised estimate of the required funding is somewhat higher than

in the original proposal. The additional costs result from the following

factors:

(1) The increase in the scope of the building additions

generates an additional cost of $435,000, including allowance

for contingency and escalation.

(2) A more realistic assessment of the costs of the cryogenic

system (based on actual shop costs) raises the estimate

by $138,000, again including allowances for contingency and

escalation.

(3) The remaining $732,000 of the overall increase must be

attributed to the inflation in costs of the original

proposal. There are two aspects to this: (a) the cost

increases associated with an additional year of

inflation must be included and (b) it now seems prudent to

assume a higher escalation rate (a projected average

of 8.2% annually) rather than the 6% assumed last year.



86

Table 3. Cost estimates for ATLAS. Costs in $1000.

It
1. Building Construction

a. Engineering 16

b. Structures 41

c. Heating, ventilating, air conditioning 18

d. Power and lights 21t

2. Linac

a. Engineering and installation

b. Accelerating structures

c. RF power and controls

d. Cryogenic services

e. Focussing element

f. Cryostats and vacuum

g. Beam bender and splitter

h. Computer control

i. Prototype resonator

j. Miscellaneous

3. Tandem

a. Ion-source and injection system

b. Terminal

c. Output beam line

em

3

4

3

9

265

990

239

525

97

418

193

54

81

100

215

85

75

4. ExperImental Area

a. Beam line with debuncher 215

b. Shielding 85

Total (FY 79 costs)

Contingency

Project total in FY 1979 dollars

Project total for FY 1981 funding

Total
979

2962

375

300

4616

766

5382

6900
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B. SCHEDULE

Except for a slippage of one year, the construction schedule is the

same as given in the original proposal. The following discussion of the

schedule is reproduced (with appropriate modification) for the convenience

of the reader.

An outline of the major components in the schedule for the

construction of ATLAS is given in the attached figure. As with the cost

estimates, experience with the construction of the prototype booster are

providing accurate information on the time required to carry out various

design and fabrication tasks. Note from the schedule that the ATLAS project

will begin to enhance the performance of the tandem-booster accelerator system

about a year after ATLAS in funded. The upgrading of the tandem injector

will improve the performance for very heavy ions, and the installation of

more helium refrigeration will increase the accelerating power of the

then existing linac by about 10%.

In the proposed schedule, the new Target Area III is available for

occupancy by late 1982, and one or two new sections of linac are installed

immediately. These sections are first used to accelerate ion beams into

Target Room III in early 1983, and the full linac is available for use by

late 1983.

C. OPERATING COSTS

Our approach to the operation of ATLAS remains the same as in the

original proposal, namely, the accelerator will be operated around the clock,

seven days a week. Estimates of the additional fiscal support required

annually to operate ATLAS (in addition, that is, to the cost of operating

the tandem-booster system now taking form) are given in Table 4.

Table 4. Estimates of Annual Incremental Support Required for the

Operation of ATLAS

Costs

($1000)

Accelerator Operating Personnel 150

Materials, Services, Power and Building Maintenance 225

TOTAL 375
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