D i s t r i b u t i o n Category
Physics—General
(UC-34)

ANL-82-83

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

A NATIONAL CW GeV
ELECTRON MICROTRON LABORATORY

December 1982

"Physicists seeking a unified theory of nature 's
forces are finding that both the history and the
fate of the universe are written in every atom. "

Timothy Ferris
New York Times
September 26, 1982

ii

FOREWORD
As a result of recent advances in elementary particle physics, it is
evident that quarks and gluons are the basic constituents of nuclear matter.
This new perspective presents the nuclear physicist with a unique opportunity,
the possibility of developing a truly fundamental theory of nuclear forces in
terms of the dynamics of these constituent particles. However it is also
clear that the key to progress in this area is the capability of probing
nuclear pheonmena at short distances where the unique features of quark-gluon
dynamics are expected to manifest themselves. It is now widely accepted that
exploration of this new frontier of nuclear physics requires CW GeV electron
beams of high quality and intensity. We propose in this report to build a
national facility to meet that need at Argonne National Laboratory.
By reason of past and current activities, Argonne is an ideal site
for such a facility. The laboratory has a long and distinguished tradition of
accomplishment in nuclear physics. Major past achievements in nuclear
research include the invention of the nuclear shell model (for which
M. Goeppert-Mayer received the Nobel Prize in 1963) followed by the
introduction of modern numerical computing into nuclear theory. Argonne
achieved the first successful use of collimated fast neutron beams followed by
the systematic measurement of fast neutron cross sections, and the
determination of some of the fundamental constants of the universal weak
interaction. Argonne scientists led the field in work on the properties of
nuclear resonances, in establishing the systematics of direct reactions, and
in determining overall properties of the nuclear interaction. More recently,
Argonne has played a major role in heavy-ion research, where the limits of
angular momentum and energy are explored in an ordered quantum mechanical
system. A vigorous research program has also been carried out examining
fundamental aspects of weak currents in nuclei. Work by the Argonne staff in
medium energy physics emphasizes the fundamental particle reactions which
mediate the interactions between nuclear constituents. Recent work has
clarified the nature of basic pion reactions in nuclear matter, employed pions
and electrons as probes of the short range properties of the deuteron, and
isolated dibaryon resonance effects in the spin dependences of nucleon-nucleon
interactions. The medium energy program provides an effective base for ANL
research at the new facility.
The broad spectrum of capabilities and experience possessed by the
Argonne Staff in accelerator research and development will be a major asset in
the design and construction of a national electron accelerator. Among their
achievements ANL workers demonstrated H - injection as the most effective way
to achieve high intensity and stability in proton acceleration, a fact now
widely exploited. They designed a now widely-used technique for accelerating
polarized protons to high energy. Under their direction, a 500 MeV high
intensity, rapid cycling synchrotron was built and now provides high energy
protons for the Argonne Intense Pulsed Neutron Source. Expertise accumulated
in high energy physics magnet projects has been utilized to build a very large
high-field superconducting magnet for magnetohydrodynamics studies. The
world's most intense picopulse electron linac (peak current of 1200 amp) was
developed at Argonne. Most recent is the development and implementation of a
new concept in nuclear accelerators, a superconducting heavy ion linear
accelerator which is being used for research by Argonne staff and by external
users from over 20 universities and laboratories. A second-phase project

ill

(called ATLAS for Argonne Tandem-Linear Accelerator System), funded for
construction in FY 1982, will be a national facility with unique capabilities
for high-precision nuclear research with heavy ions.
The dominant element of this proposal is a CW GeV Jlectron _Microtron
(GEM) which is an optimum match to the needs which have T>een articulated in
several national reviews. The genesis of the GEM design was a study completed
early in 1980 in response to a perceived need to develop the technology for an
electron accelerator of advanced design. The microtron was chosen as the most
promising design option because of superior beam quality, lower capital and
operating costs, and the possibility of generating multiple beams of different
intensity and energy simultaneously. The final design presented here is the
culmination of an extended program of research on and development of various
microtron designs. Its realization will afford the scientific community a
unique tool for exploring the exciting high-energy, short-range realm of
nuclear physics. The program of research which accompanies the accelerator
design in this report dramatizes these possibilities.
The proposal is the result of the collective efforts of a large
number of people. The members of the GeV Electron Microtron Design Project
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ABSTRACT
Rising interest in the nuclear physics community in a CW GeV
electron accelerator reflects the growing importance of high-resolution
short-range nuclear physics to future advances in the field.

To meet this

need, Argonne National Laboratory proposes to build a CW GeV Electron
Microtron (GEM) laboratory as a national user facility.

The microtron

accelerator has been chosen as the technology to generate the electron beams
required for the research discussed because of the advantages of superior beam
quality, low capical and operating costs and capability of furnishing beams of
several energies and intensities simultaneously.

A complete technical

description of the conceptual design for a six-sided CW microtron (hexatron)
is presented.

The hexatron and three experimental areas will be housed in a

well-shielded complex of existing buildings that provide all utilities and
services required for an advanced accelerator and an active reseach program at
a savings of $30-40 million.

Beam lines have been designed to accommodate the

transport of polarized beams to each area.

The total capital cost of the

facility will be $78.6 million and the annual budget for accelerator
operations will be $12.1 million.

Design and construction of the facility

will require four and one half years.

Staged construction with a 2 GeV phase

costing $65.9 million is also discussed.
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I.

OVERVIEW

Electromagnetic probes in the form of intense electron and photon
beams have provided the nuclear physicist with much of the precision data now
available on the structure of nuclei and the properties of nuclear matter.
Present concepts of nuclear sizes and shapes derive in large measure from
results of electron-scattering studies.

The various excitations of nuclear

systems ranging from giant resonances and high spin states to isobar-hole
excitations in nuclei have been revealed in great detail with electromagnetic
interactions.
properties.

The utility of these probes stems from several of their
Their interactions with nuclear raatter are the best understood of

the elementary processes, they are sufficiently weak that distortion of the
nuclear structure is negligible, and they can give rise to large momentum
transfers to target nuclei.

Precisely because of these features,

electromagnetic reactions are expected to play a major role in attacking the
unsolved problems of contemporary nuclear physics.
The basic continuing challenge of the field is the formulation of a
fundamental theory of the nuclear force and the structure of nuclei.

The

evidence of recent years is that an understanding of nuclear phenomena at
short distances, i.e. lengths small compared to the nucleon size (~1
is particularly deficient.

fermi),

Our knowlege of the basic nucleon-nucleon force at

short range is largely phenomenological.

Meson exchange currents in complex

nuclei have been detected, but their properties and influence on nuclear
structure has been only crudely outlined.

At short distances, the distinction

between nuclear and hadronic structure is conceptually questionable.

A

consistent description of nuclear structure must take account of sub-nucleonic
degrees of freedom whether they be described as hadron resonances such as the

A(3,3), or as excitations of the quark constituents.
Subcommittee on Electromagnetic

Recently the NSAC

Interactions [Ba 82] gave highest scientific

priority to investigations of nuclear phenomena at short distances because of
the opportunity they offer to study the transition between the nucleon-meson
and the quark-gluon description of nuclear forces.

In a sense, this short-

range domain of nuclear structure is the interface between nuclear and
elementary particle physics.
exploring these questions.

Lepton scattering is the most powerful tool for

However, because the spatial resolution with which

structure is probed is inversely proportional to the momentum transfer, q,
measurements must be made with q « 1-2 GeV/c (5-10 fm

).

Therefore GeV

electron beams are required to study this area of physics.
The rising interest in the nuclear physics community in a CW GeV
electron accelerator reflects the growing awareness of the importance of highresolution short-range nuclear physics to future advances in the field.

At

the same time, progress in accelerator technology has made possible for the
first time, elimination of one of the principal limitations to experiments
with electromagnetic probes, the poor duty factor which characterizes all
high-intensity electron accelerators built to date.

The prospect of high-

intensity coupled with high duty factor will make possible coincidence
measurements which, because of their selectivity and complete characterization
of nuclear reactions, will become a maj'or component of future research
programs.

As a result of these developments, a strong consensus has developed

within the nuclear physics community that the next major research facility
should be a high-intensity CW GeV electron accelerator.

Argonne is in a

unique position to design, construct, and operate such a national facility.
The laboratory has the recognized expertise in accelerator design and
operation, a strong on-going research program in nuclear and particle physics,

and a complex of particle-accelerator facilities currently available whose use
wil 1 cut normal construction costs by $30-40 million-

Among the technologies

available, the Argonne design group has chosen the microtron concept because
of its promise of lower capital and operating cost.

A proposal to build a

national CW GeV Electron Microtron (GEM) laboratory at Argonne is presented
here.

An extensive description of the research program envisaged with GeV

electrons is included, together with a complete conceptual design for a 4 GeV
microtron and its ancillary experimental areas.
The details of the prospective measurements determine the design
objectives for the accelerator and provide its scientific justification.

With

GeV beams it will be possible to extend measurements of the basic properties
of nucleons to provide rigorous tests of quark models for hadronic
structure.

Experiments on the few-nucleon systems at high momentum transfer

will be sensitive to short-range features of the nuclear wave functions which
reveal the interplay of the nucleon and sub-nucleon degrees of freedom in the
structure of these benchmark nuclei.

The principal contribution which the

proposed accelerator will make to studies of the structure of complex nuclei
result from the increased energy, beam intensity, and duty factor which allow
one to conduct experiments that are marginal or not feasible with current
accelerators.

The accelerator will be invaluable for the study of the effect

of non-nucleonic degrees of freedom on nuclear matter.

Elentroproduction of

hypernuclei will open this new dimension of nuclear structure to quantitative
exploration for the first time.
interactions.

Experiments will not be restricted to strong

Measurements are proposed which will test our understanding of

weak neutral currents by observation of parity-violating effects.

The common

thread through all of these prospective initiatives is the requirement of a
high duty factor at high intensity and energy.

The six-sidec electron microtron (hexatron) has been chosen as the
accelerator system to generate the electron beams required for the research
discussed because of the advantages of superior beam quality, low capital and
operating cost, and capability of furnishing beams of several energies and
intensities simultaneously.

Only moderate rf power is required because of the

recirculation of the beam 37 times through the same accelerating structures to
reach A GeV.

The accelerator can be designed to be fully operational at 2 GeV

with no loss in performance and with negligible financial penalty for
upgrading to 4 GeV in a staged manner.

Orbit containment is achieved by means

of mirror symmetric quadrupole multiplets on the dispersed return paths.

The

optics system maintains a dispersion free beam at the center of the linacs.
Waists are provided at the midpoints of the linac structure.'- and midpoints of
the dispersive straight sections and transport is achromatic from the exit of
one linac to the entrance of the next.

These features of the optics will

minimize the effects of regenerative beam breakup, the primary limitation on
the maximum current which can be accelerated.

Use of a booster racetrack

microtron (RTM) provides an effective injection energy into the hexatron at
185 MeV.

To insure accelerator operation free of beam breakup in the RTM a

preaccelerator and linac system with an output energy of 23 MeV has been
proposed as injector into the RTM.

Multiple beam extraction is accomplished

by subharmonic modulation of the micropulse structure of the beam coupled with
conventional extr.^tion technique applied in the dispersive straight
sections.

The flexibility of operation oZ the microtron will facilitate a

broad multifaceted research program in the associated experimental areas, and
the excellent beam quality of the microtron beams will have a significant
impact on meeting the challenges of high-energy spectrometer design at
acceptable cost.

The hexatron and its auxiliary equipment will be housed in a wellshielded complex of existing buildings that have all the space needed for
GEM.

These buildings provide full utilities and services required for an

advanced accelerator and an active program of experiments.

Until 1979, this

complex housed a 12.5 GeV pro;on accelerator and its target areas.
replacement cost of these facilities is in excess of $50 million.
experimental areas wilx be located in adjacent halls.

The
Three

Beam lines have been

designed to accommodate transport of polarized beams to each area.
cost in FY 83 dollars for the hexatron is $39.6 million.

The basic

The total cost of

the facility including engineering, installation, and contingencies will be
$78.6 m i l l i n .

Included in this number is the construction of the accelerator

and beam lines to the experimental halls, and building modifications necessary
to construct the three experimental areas.

In a staged plan of construction,

an intermediate 2 GeV phasif would cost $65.9 million.
will require four and one half years.

Design and construction

If engineering design is begun in

October 1984, first beams will be available in 1989.

II.

PHYSICS JUSTIFICATION

A.

INTRODUCTION

For five decades, nuclear physics has proven to be a stimulating
field of research, ar.d electromagnetic interactions have played a central role
in its development.

There now exists a characterization of the motion of

single nucleons within the nucleus and a reasonable description of how the
nucleus responds to external force fields.

Much of this knowledge of the

nucleus has been gained via its interaction with electromagnetic fields.

In

fact, most of the truly quantitative information we have about nuclear
dynamics comes from the interaction of the nucleus either rfith the electron or
with the quantum of the electromagnetic field the photon.

This has occurred

because of two important features of electromagnetic probes.

Their

interaction is well understood, in terms of the powerful theory of quantum
electrodynamics, and it is sufficiently weak that these nrobes do not
appreciably disrupt the nuclear system with which they interact.
Most present day models of the atomic nucleus deal only with the
response of its neutrons and protons.

The notion that these nucleons inside

the nucleus interact by exchanging mesons was introduced in the 1930's.

This

viewpoint was genereally accepted as a basis for the theory of nuclear forces,
but meson degrees of freedom played no explicit role in the description of
nuclear structure.

It was recognized that mesons themselves could couple

directly to external fields (e.g. I T * . . . ) , but no definite theoretical
predictions or compelling experimental results forced nuclear physicists to
deal directly with the role of mesons in nuclear phenomena.

This situation

has changed for the electromagnetic and weak currents, and a procedure [Th 73,
Du 76] for constructing these currents carried by ir-mesons has been
developed.

In many cases where formulations confront experiments they have

been quantitatively successful.

We are evolving high confidence in our

ability to include mesonic effects into nuclear structure and need to make
further progress in this area.
In high energy physics we have seen the realization and partial
elucidation of the substructure of baryons and mesons.

This structure is most

commonly expressed in terms of quarks which interact via the exchange of
"colored" gluons.

The dynamical theory of these interactions, Quantum

Chromodynamics (QCD), is presently only implementable at much higher energy
than is commonly encountered in nuclear physics.

A major goal of the research

to be carried out with the proposed accelerator is the unification of the
description of nuclear matter in terms of nucleons and mesons with that of
quarks and gluons.

In this respect, intellectual goals in nuclear physics are

similar to those realized in the atomic domain where the properties of
condensed matter are expressible in terms of underlying atomic structure.

As

QCD is formulated at the level of quarks and gluons, a nuclear theory based on
QCD forces an examination of the substructure of nucleons and mesons
characterized by smaller distance scales.

Exploring this domain of physics

requires experiments at larger energy and momentum transfer.
How will the nucleus sustain a sharp impulse to one of the
constituent quarks in one of the nucleons?

How is the constituent quark

structure of a nucleon modified when it is placed inside a nucleus?

These

are a few of the intriguing questions to be dealt with by the physics
accessible with a multi-GeV electron accelerator.

*Very recent data from electromagnetic high energy, high momentum transfer
scattering from iron and deuterium has been interpreted as evidence for a
change In qu*rk structure of the nucleon in nuclei [Ja 82].

Concurrently with this theoretical progress, advances made in
accelerator technology in developing ever more useful photon and electron
beams have made the study of the regime of higher momentum and energy transfer
feasible.

In anticipation of future experimental facilities, the nuclear

physics community has published several reports making a strong scientific
case for a multi-GeV electron accelerator.
significant in this regard:

Three reports are particularly

"Future Directions in Electromagnetic Nuclear

Physics" [Do 8 1 ] , "Prospectives in Electro-and Photo-Nuclear Physics" [Ge 81]
and "The Role of Electromagnetic

Interactions in Nuclear Science" [Ba 8 2 ] .

The scientific justification for such a facility has been strong and growing
over several years.

It has emerged from the community as a whole [Ns 79].

In

the material that follows no attempt is made to discuss all the research that
can be done at a multi-GeV electron accelerator.

Because the facility

proposed here will be large and expensive, as well as unique ; it will be
operated as a national (and international) center available to scientists
based on the merits of their proposed research.

In the next few pages a brief

outline of the physics involved in electron and photon scattering from nuclei
will be presented.

In further sections a few topics, not extensively treated

in existing literature, are highlighted.
A broad review of the physics to be addressed indicates the general
requirements of the proposed facility.

To show the effect of quark-degrees of

freedom one must probe regions of a size of ~.2 fm or less.
transferred momenta of at least 2-3 GeV/c.

This will require

To better understand the phenomena

associated with two nucleons in close proximity to each other would require a
spatial resolution corresponding to a fraction of the hard core radius in
nucleon-nucleon scattering, say on the order of 0.1 fm or a momentum transfer
of ~3 GeV/c.

These considerations and the requirement to be able to separate
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longitudinal from transverse scattering, would place the upper reaches of the
accelerator energy at 3-4 GeV.
The anticipated experimental program places three additional
requirements on the accelerator.

Much more is learned of the nuclear response

when the decay of its excitations can be observed.

This leads to coincidence

experiments which make up the bulk of the anticipated research.

In any

coincidence experiment, the background (accidental) coincidence rate is
inversely proportional to the duty factor.

A 100% duty factor provides two to

three orders of magnitude advance in the coincidence capabilities of the GEM
accelerator over existing facilities.

Secondly, several of the proposed

experiments require polarized electron beams.

Such beams are essential for

the weak interaction experiments described in section II.E.

Finally, the

ultimate experimental goal is to establish the momentum dependence of many
electromagnetic form factors.

This requires that the incident electron energy

be easily changed to vary the momentum transfer, as the scattering angle must
be varied independently to perform the separation of the particular form
factor.

Electromagnetic cross sections are low, typically ~100 times smaller

than strong cross sections.

Thus intense beams and the possibility of

performing several experiments simultaneously are highly desirable.

The ideal

facility would therefore provide multiple intense beams up to 3-4 GeV,
independent of each other in energy, each of 100% duty factor, with the
capability of polarized beams when desired.

The GEM proposal satisfies all

these requirements in a natural fashion.
An important advantage of the GEti proposal is that it can provide a
range of energy and momentum transfer which connects high and low energy
phenomena.

While the non-nucleonic degrees of freedom will be emphasized at

high momentum transfer, their presence also effect low-energy nuclear
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properties.

For example pion exchange currents, which enhance the cross

sections for the e + d + e + (n,p)(,_-.

, reaction by a factor of 10 at 600

MeV/c (see below) also modify the n + p + d + Y rate at low neutron energy by
10%.

There have already been sacculations that the quenching of the Gamow-

Teller strength in nuclei, observed in many reactions, is a direct consequence
of the nuclear medium modification of the pion cloud surrounding the quark
confinement region, in complete analogy to the Lorentz-Lorentz effect for
dielectrics [We 8 2 ] .

It is this interplay of low and high momentum-transfer-

phenomena vrhich will serve to unify our understanding of nuclei over a large
range of distances and energies.

This understanding of nuclear dynamics over

a wide range (0.1 - 10 fm) will provide a strong intellectual underpinning to
other frontier areas in nuclear physics such as r-lativistic heavy ion
physics, or the high-energy limits of nuclear astrophysics.

These connections

will require a flexible facility capable of providing beams over the entire
energy range and instrumented to carry out the broad span of relevant
experiments.
Figure II-l diagrams the interaction between a photon and a nuclear
system in which the nucleus changes from state a to state 6 with the
absorption of a photon of energy u> = Eg a = Eg - E
momentum q, |q| • co/c.

which carries a three

The same transition can also be induced by the

scattering of a charged particle which provides the photon.

As shown in

Figure II-2 the charged particle transfers a four momentum q y = (q, u) to the
nucleus via photon exchange.

The energy transfer to is still Eg-E a ; however

the momentum transferred to the nucleus (q) is equal to the change in momentum
of the charged particle (q » p. - p » ) , q =
q

2

u
2 2 2
= (q q ) " q -<•» /c > 0.

|q| > w/c and

The ability of the nucleus to absorb the
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Figure. II-l Feynman
diagram for photon absorption,

Figure II-2. Feynman diagram for
inelastic electron scattering.

differing momentum transfers reveals the underlying dynamical changes relating
states a and 3. The scattering amplitude for such a collision is written

u

(II-l)

M

where j® (q v ) is the current carried by the electron, z~-

is the photon

propagator and j L (q v ) is the transition current of the nuclear system, p is
the four-vector index on the curi-nts, and the v in qv is used merely to
indicate that q v is the four-momentum.

The electron current and photon

propagator are known exactly from quantum electrodynamics.

Therefore, the

only unknown in the scattering process is the nuclear current (JJ$a) which is
the quantity to be measured in experiments and theoretically modeled.

This

discussion is exact within the confines of quantum electrodynamics and the one
photon approximation.

Except for Coulomb distortion effects, the one photon

approximation seems to be valid for every nuclear scattering that has been
investigated either theoretically or experimentally.
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Gauge invariance imposes a continuity condition on all
electromagnetic currents so the nuclear current satisfies.

This condition is employed to great advantage to avoid complications in J by
employing the commutator between the nuclear Hamiltonian (H) and the charge
density (p).

- % [H,P]

Confrontation between theory and experiment is usually carried out
via form factors.

The elastic scattering of an electron from a spin zero

nucleus requires only one form factor, the so-called monopole form factor
which is just the charge distribution.

The measured yield is written

(neglecting recoil, i.e. u> = 0) as:

where o M is the differential cross section due to a point charge whose charge
is equal to that of the target " Z " .

4Z2ct2E2
2 6
j
cos -j

where tf • c - 1 i s assumed.

2

._2 , 2 6.
= 4E
sin y

..
(II-3)
/TT
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The form factor G .(q ) is a direct measure of the charge distribution of the
target nucleus.

Using a Fourier transform the spatial distribution of the

charge is revealed via

p(r) = / G e l ( q 2 ) e l q * r dq

Measurements must be carried out to sufficiently high momentum transfer (q) to
make the assignment of the charge distribution unique at short distances.
Features characteristic of the finite size of the nucleus appear at momentum
transfer larger than ~200 MeV/c.
For the general case of elastic or inelastic transitions a multipole
expansion of the charge and current distributions gives rise to three types of
operators:

the Coulomb or longitudinal operator Cj (where J lauels the rank

of the operator under rotations), the transverse electric operator Tj and the
transverse magnetic operator Tj.

In this case the differential cross section

for a transition from a state with angular momentum JJ to a state with angular
momentum Jc is:

" °M 2J7+T
i

{

~4
J J < J f "Cj" Ji5
q J=0

tan 2 !)
2q

J=l

a
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The properties of these operators with respect to rotations and reflections
give rise to the well known selection rules for electromagnetic transitions.
The different dependence on the scattering angle allows the longitudinal and
transverse form factors to be separated and permits a detailed
characterization of the current and charge distributions in these nuclear
transition amplitudes.
At high bombarding energy a large fraction of the cross section
results from final states with two or more particles in the continuum.

In

this case the yield is usually characterized by a so-called structure factor
rather than a form factor.

The cross section for transferring energy w and

momentum q to a nucleus of mass M^ via electron scattering is written as

The experimental separation of these structure factors S(q,u>) into their
longitudinal (L) and transverse (T) components is accomplished by employing
different beam energies to fix q and vary 6.

Non-nucleonic degrees of freedom

such as meson exchange currents and real and virtual A's are expected to have
a much stronger influence on S T , thus providing a means of studying the role
of these exotic degrees of freedom.

Detailed specification of the structure

factor can be made by detecting one or more particles in coincidence with the
scattered electron.

Coincidence experiments which measure the single

particle momentum distribution of nucleons through quasi-elastic scattering
via the longitudinal mode should be viewed as complementary to elastic •
scattering.

The latter measures the spatial charge distribution, while the

former determines, in principle, the proton momentum distribution.
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The intermediate range behavior of the nuclear force is usually
parameterized by a variety of meson exchange descriptions.

Data from the

proposed facility should help to determine whether the quark gluon radius of
the nucleon is equal to its charge radius or much smaller.

In the latter case

we will learn the detailed features of the mesonic glue and its interaction
with quark gluon cores.

In the former case a quark gluon theory of

intermediate-range nuclear forces must evolve and quark gluon degrees of
freedom ».re bound to play an explicit role in the description of nuclear
structure.

Unfortunately, the extensive and precise nucleon-nucleon

scattering experiments do not provide sufficiently detailed information to
select between competing descriptions at interaction distances less than 1.0
fm.

It is certain that careful study of the structure of the lightest nuclei

will shed much needed light on the nucleon-nucleon interaction.

(For example

see the proposal by R. J. Holt in Future Directions In Electromagnetic Nuclear
Physics) [Do 81] .
To calculate form factors from wave functions, the current carried
by a nucleon must be made explicit.
factors for free nucleons.

To do this one needs experimental form

(It should be noted that work at Argonne has

pioneered the measurement of the electric form factor of the neutron [Fe 4 7 ] ,
[Kr 73] at zero momentum transfer.)

The currents associated with nucleons are

well defined one body operators as long as the particles are not
relativistic.

In the same spirit [Th 73, Du 76] the current associated with

pion exchange can be written as a two-body operator in nucleon coordinates.
The timelike component of this two-body operator is small for small pion
momenta and hence plonic modifications of charge densities can safely be
assumed to be small.

However, the study of the general question of the proper

description of N-body relativistic currents Iβ still in its infancy.

This is

17

a vital theoretical issue, and work in this area will be greatly stimulated by
the high momentum-transfer data that should emerge from the new accelerator.
As mentioned earlier one of the advantages of the electromagnetic
interaction is that only a single scattering occurs within a nucleus.

The

penalty to be paid for this weak coupling is the small size of resulting cross
sections.

Consider the expression for elastic scattering from a spin zero

nucleus
o

da
dU =

o

n

9

Q

n ft

ZacOS

? 2 ,2,
2.07 Z cos ?
G
(q
J sin
, U -x- el > * — 4T 7
e 2 , v, Gel ^ > x
t 4E
sin w^-s-JE r (GeV)

10

cm /sr

'

Figure 11-3 shows the differential cross section for elastic scattering
from

208

Pb.
Such small cross sections have a strong influence on accelerator

characteristics and spectrometer design.

Often the most interesting

previously unmeasured cross sections are those at the largest momentum
transfer, on the order of 10

° cm /sr and smaller.

Thus, it is imperative to

produce large beam currents as well as spectrometers with large azimuthal
acceptance if nuclear charge densities are to be examined to high momentum
transfer.

Typical luminosities (L) for 100 \xa and 100 mg/cm , A = 60 target

(consistent with 2 MeV/ga energy loss) are

2
35
—2
—1
L - I(no. of electrons/eec)x m (no. of target atoms/cm ) » 6 x 10
cm
sec

A 10""* sr detector will produce one count per day for a 2 x 10 J ' cnr/sr cross
section.

High beam energy is helpful in that, the Mott cross section at-

forward angles increases as E* for fixed momentum transfer (see eq. II-3).
However the rapid decrease of G^ 1 (q 2 ) with q 2 (note at q - 3 fnT 1 ,

G g

2
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Figure II-3. Differential cross
section for elastic scattering
from 208 Pb at E e = ^02 MeV
[Ca 79a]. q eff is the effective
momentum transfer |q| corrected
for Coulomb distortions.
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1.6 x 10~*^ for Pb^"°) limits the range of useful elastic scattering for heavy
nuclei to q < 3.5 fm-1.
Of course, inelastic processes do not drop off as rapidly with
momentum transfer as elastic scattering; in particular nucleon knockout and
meson production cross sections dominate the observed yield as the momentum
transfer increases.

Elastic and simple inelastic scattering on all but the

lightest nuclei (A £ 4) do not require beam energies much in excess of
1 GeV.

The production of hypernuclear states via the creation of kaons

requires considerably more than 1 GeV with an energy the order of 2 GeV
appearing optimal.
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At momentum transfers in excess of 10 (GeV/c)^ the weak and
electromagnetic properties of nucleons can be quantitatively treated in terms
of the couplings of their constituent quarks.

In the region of high momentum

transfer the quarks are treated as asymptotically free, allowing the
predictive power of perturbative QCD to be utilized.

Deeply inelastic

electron scattering from nucleons has provided much of the support for quark
models and quantum chromodynamics.

However, this theory as currently

formulated requires the quark couplings via gluons to become stronger as their
separation increases (low momentum transfer), hence the theory (QCD) loses
predictive power at distances normally important 'n nuclear physics.

A major

long term goal of the proposed facility is to investigate phenomena essential
to bridge the domains of high momentum transfer (asymptotically free quarks)
and the longer range phenomena associated with nuclei.

There have been a few

pioneering efforts exploring these frontiers in inclusive experiments carried
out at SLAC.

The electron accelerator proposed herein will play a major role

in this important program, leading to meaningful descriptions of the nucleon,
higher baryon resonances, and mesons, merging into quark degrees of freedom at
very short distances*
of hadronic matter.

All of these must be synthesized into a useful theory
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B.

1.

HADRON PHYSICS AND FEW-BODY SYSTEMS

Nucleon Form Factors
Recent developments in hadron physics present a challenge to

describe hadron dynamics in terms of constituent quarks and gluons.

The

observation of asymptotic freedom in deep-inelastic electron scattering
revealed the simplicity of the quark description at large momentum transfer.
At lower momentum transfer, roughly for q

< 4(GeV/c) , the region of interest

in nuclear physics, a quantitative understanding of the quark dynamics, while
essential, is elusive.

The MIT bag model [Ch 74] has provided a framework for

understanding many properties of hadron spectroscopy.

The quarks are viewed

as being restricted to a small volume of space (the bag) and the dynamics of
confinement are replaced by boundary conditions at the bag surface.

Because

such a system does not preserve chiral symmetry alternative bag models have
been proposed [Br 79, Mi 80] in which the baryon is viewed as 3 quarks in a
bag,

but surrounded by a pion cloud.

Each of these models provides a

framework for calculating the properties of the nucleon, e.g. static and
transition form factors.

A multi-GeV CW electron accelerator can provide

experimental determinations of the electromagnetic properties of the hadrons
with the precision necessary to test these calculations
The most basic observables are the electric and magnetic form
factors of the proton and neutron ( G £ , G £ , G", and G^ ) . The proton form
factors are the best determined and are usually fit by a dipole
parameterization with

G| - GJJ - [1 + 1.41 (GeV/c)" 2 q 2 ]~ 2

G*J - u p G^ .

(II-4)
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where \i is the nucleon magnetic moment.

However, significant deviations from

the dipole form factor have been observed at low and high momentum transfer
and several other parameterizations have been suggested.
factors are much more uncertain.

The neutron form

They can be extracted from e~ + d elastic

and quasifree scattering reactions, but only with assumptions concerning the
deuteron wave function and the two-body currents.

A measure of this

uncertainty may be that the values for Ggn(q ) obtained from d(e~,e~)d and
d(e~,e~n)p analyses are not completely consistent.
A new technique has been suggested

[Ar 81] to measure Gg by

measuring the polarization of the recoil nucleon scattered by longitudinally
polarized electrons.

With this technique the proton electric form factor can

be measured to 2% up to q

= 4(GeV/c)

at 4 GeV.

Measurements of the neutron

electric form factor from quasifree scattering of neutrons in a deuterium
target by polarized electrons also seem feasible to the 20% level, a
substantial improvement over our current knowledge.
These measurements with deuterium should be performed in a kinematic
region where the relative energy between the outgoing nucleons is large in
order to minimize the effects of final state interactions and where the
momentum transfer to the proton is small so that the uncertainty in the
deuteron wave function is negligible.
Measurements with a precision of 20% will allow a distinction
between differing models of the neutron electric form factor which takes on a
particular significance in the bag models of the hadrons.

Each description

makes very specific distinguishing predictions about the neutron charge
distribution.

The rms charge radius is 0 in the MIT model and 0.34 fm in the

cloudy bag model [Th 81]. Accurate measurement of the neutron electric form
factor at momentum transfers accessible with a 4 GeV accelerator would provide
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Figure II-4. Neutron
electric form factor for
different bag radii
(solid lines)
and experimental electric
form factor (vertical
lines (taken from
[Th 82].

an important test of these models.

The prediction of the momentum dependence

of the neutron electric form factor for several bag radii in the cloudy bag
model is shown in Figure II-4. Accurate data will provide a sensitive
constraint on the bag radius, one of the fundamental parameters of the theory.

2.

Nucleon-Bag Deformation
Since the proton is the only simple stable baryon target, its spin

of 1/2 limits observation to the L = 0 Coulomb and L = 1 magnetic static
moments.

By measuring the transition form factors between baryon states,

higher multipoles can be observed.

This is particularly important at the

moment because of the theoretical predictions of strong quadrupole
deformations of the nucleon and isobar bags.

For example, model attempts to
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calculate the ground-state configurations of a system of quarks and scalar
particles lead to nonspherical oblate solutions with the lowest energy
[Pa 8 0 ] .

From a completely different perspective, a sizable deformation

appears to be required to reproduce the nucleon weak axial coupling constant
[Ve 81 J.

Intuitively, this could be expected by noting that the pion coupling

to the 3 quark bag is via {a

• k J.

The energy of this coupling provides a

pion pressure which compresses the poles, producing an oblate nucleon.

This

deformation, or equivalently the d-state probability of the quark wave
functions, is most easily measured by the L = 2 nucleon-delta electromagnetic
transition rates.

The transverse E2 amplitude (Ej + in the high energy physics

notation) is measured in pion-photoproduction reactions where the average of
E2
tie results of many analyses [Ke 80] is an -rrr- ratio of .014 ± .016 in
agreement with the value 0 predicted from the simple symmetric quark model.
However there is some model dependence (not included in the above uncertainty)
in the extraction of the amplitudes and a larger E2 amplitude is not totally
excluded.

The multipole amplitudes for electroproduction of the A(1232) are

shown in Figures I1-5 and II-6.

The dominant Ml amplitude (M^ + ) does not show

the same momentum dependence as the nucleon amplitudes.

While the transverse

E2 amplitude is small, qualitatively consistent with the photoproduction
results, the longitudinal C2 amplitude (S^ + ) is ~10% of the Ml amplitude, and
apparently not zero, differing from what the symmetric quark model would
suggest.

To date, no quark model has been able to reproduce these results.

Simple, non-relativistic estimates with d-state admixtures as large as those
suggested by the chiral bag model give E2 and C2 amplitudes of ~ 5 % of the Ml
amplitude without an obvious explanation of the factor of 3 to 5 difference in
the experimentally-determined amplitudes.

An important future research

program at the proposed facility would be improved experimental determination
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Figure II-5. Magnetic form factors of the N(938) to A(1232)
transition measured in pion electroproduction compared to the nucleon dipole
form factor (G^). The form factor Gw is related to the transition amplitude
M 1 + by

M

sin 6
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where lc and q are the center of mass three-momenta of the pion and the virtual
photon respectively. 6^3 is the TT-N P33 phase shift. This figure is taken
from [Tr 7 6 ] .

of the small amplitudes.

For the N(938) •»• A(1232) transition, the coincidence

cross section is given by [Si 71]:

d5o
dE

e

dn

1 da
^l — l
dfi

n

(II-5)
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where the "*"ed coordinates are in the rest frame of the A.
In the limit that only the Born terms and the A(1232) amplitudes are important
the coefficient D^ is sensitive to the longitudinal C2 amplitude.
Experimentally, the simplest technique is to vary the virtual photon
polarization to determine these amplitudes.

At typical momentum transfers

[0.2 (GeV/c) 2 £ q 2 £, 0.7 (GeV/c) 2 ], the experimental uncertainty on the small
amplitudes can be reduced to better than ±2% of the Ml amplitude.

Previous

works have only studied the p(e~,e~p)ir° reaction, while a new facility will
also make comprehensive p(e~,e~n)Tr+ experiments feasible.

The improvement in
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the statistical uncertainty, and the possibility of measuring the
electroproduction amplitudes in different isospin channels represent important
steps towards establishing this fundamental property of the nucleon.

These

experiments may provide the only clean way to study the existence of tensor
interactions between quarks.

3.

The Two-Nucleon System
The two-nucleon system provides the simplest opportunity to study

the force between nucleons, and the response of a correlated pair of nucleons
to external probes.

Most of our understanding of the nucleon-nucleon (N-N)

interaction is derived from N-N scattering experiments.

Unfortunately, these

studies can provide little constraint on the off-shell behavior of the N-N
amplitudes.

Such information is important in a variety of problems in nuclear

physics, including the central issue of describing a many-nucleon system.
Electromagnetic studies seem to be particularly suited for these
investigations and have already revealed much important information to
characterize the two-nucleon system.
The introduction of two-body forces between hadrons leads directly
to the question of two-body currents, or meson exchange currents.

The

n + p -»• d + y capture reaction and the d(e,e')pn reactions provided the first
clear evidence of the importance of such effects.

The electrodisintegration

data are illustrated in Figure II-7 along with the impulse approximation (IA)
and IA plus exchange current calculations.

It is now realized, as

measurements are made at higher momentum transfer, that invariably these
correlations between nucleons become important.

More recently, Kisslinger

[Ki 82] has considered tlv question of two-body currents within the framework
of a quark model.

In this model a short-range two-baryon current which is
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EXCITATION ENERGY

\
Figure I1-7.
Electrodisintegration of the
deuteron to final n-p states
with excitation energy of 1 to
4.5-MeV. The calculations are
the impulse approximation (IA,
dashed curve) and the impulse
approximation plus mesonexchange corrections plus
A(1232) corrections (IA + MEC
+ A, solid curve) [Fa 76].
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obtained from a phenomenological quark shell model is added to the
conventional one-nucleon and pionic currents. This model also gives an
excellent representation of the electrodisintegration cross section at 180°
for the deuteron.

The 6 quark and meson exchange models differ at large q ,

so further measurements with a multi-GeV accelerator could differentiate
between these two views of the two-body current.
At the present time, even the elastic form factors for electrondeuteron scattering are not well determined.

Since the deuteron is a spin-one

nucleus, three form factors—charge, quadrupole and magnetic—are necessary to
describe the elastic scattering.
not been isolated empirically.

The charge and quadrupole form factors have

The reason for this difficulty can be seen

from the form of the elastic scattering formula [Ha 80]:
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|g-

aM [A(q2) + B(q2) tan 2 (6/2)]

(II-7)

where
A(q2) = F2 + (8/9)T 2 F 2 + (2/3)TFJ
B(q 2 )

and T = qz/4Mj.

= 4/3

T (1 +

T)F2

Here F^, FQ and FM are the deuteron form factors. Clearly,

measurements of the cross section allow only the determination of A(q )
and BCq,').

In practice, A(q ) is determined at forward angles while B(q ) is

measured at large angles.
measurements.

Hence, only F^ can be isolated in cross section

The quadrupole form factor is related directly to the d-wave

component of the deuteron wave function.

Thus, a determination of FQ would

constrain the tensor part of the N-N force. The charge form factor is
sensitive to the s-wave part, and is expected to further constrain the short
range part of the deuteron wave function.
At high momentum transfers two difficulties arise in interpreting
the elastic scattering data:

the effects of meson exchange currents (MEC) and

the uncertainty in the electromagnetic form factors of the nucleon.

The

uncertainty in the neutron electric form factor leads to a significant
uncertainty in the electric form factors for the deuteron above q = 0.6 GeV/c.
Presently, there is no clear empirical information with regard to the effect
of MEC on isoscalar observables in nuclei.

Calculations [Ha 80] indicate that

the MEC corrections to F^ are significant for all values of momentum transfer
studied thus far and are also sensitive to the particular N-N model chosen for
the calculation.

In contrast, the corrections to the electric form factors

are not sensitive to the N-N model and so these form factors provide an ideal
test of lsoscaler MEC.

One of the main effects of the MEC is to shift the
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first diffraction minimum of F^ to lower values of momentum transfer.
Measurements of A(q ) and B(q ) alone do not provide sufficient information to
determine the location of the minimum in the diffraction pattern since in the
region where F^ is expected to be small, FQ becomes large.

Polarization

experiments promise to provide the most clear means to isolate Fo and Fp.
The expression for the tensor polarization t^n of th° recoiling
deuteron after elastically scattering with the electron, is given by [Ha 80]

75N { ll2 F Q 2 + ! X FCFQ + !
where N = A (q 2 ) -f B(q 2 ) tan 2 (6/2).

Below a momentum transfer of 0.8 GeV/c

the magnetic form factor has a small effect on tog! thus, this quantity is
directly dependent on F^-, and F Q .

If the measurement is performed in a

momentum transfer region where F^ is negligible, then t2Q reduces to

t 2 Q = - ( 2 ) 1 / 2 X(X + 2)/(l + 2X 2 )

where X = 2/3 x

FQ/FC,

a quantity which is independent of the electric form

factors of the nucleon.

The sensitivity of t£Q to the isoscalar pair current

contribution to the MEC is shown in Figure II-8.
between q = 0.8 and 1.2 GeV/c.

The sensitivity is greatest

This is precisely the region of momentum

transfer which a high duty factor and high current 4-GeV electron accelerator
would render accessible for a measurement of t2Q»
Coester and Osterbee have calculated the tensor polarization with a
relativistic deuteron wave function [Co 75]. They point out that there are
classes of "exotic" deuteron wave functions which are not constrained by
present measurements of the static properties of the deuteron or of A(q ) and
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B(q )- The tensor polarization was found to be extremely sensitive to the
nature of the short range part of the wave function.

Recently, the form

factors for the deuteron have been calculated [Ko 78, Ki 82] within the
framework of quark models.

A striking feature of one of these calculations

[Ko 78] is a shift in the first zero of the charge form factor from the
values 0.6 GeV/c < q < 0.8 GeV/c expected for conventional models to
considerably higher momentum transfer (q £ 1.6 GeV/c).

Experiments at high

momentum transfer, sensitive to individual form factors for the deuteron, may
prove useful for observing the effects of quarks in nuclei.
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Figure II-8. Calculations
of tog f ° r e + d elastic
scattering for three N-N
potentials. The effect of
including meson exchange
currents in the calculations
is also shown.
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In the simplest approximation coincidence electrodisintegration
measurements provide a direct measure of the deuteron single particle wave
functions.

In the impulse approximation for the d(e,e'p)n coincidence

experiment

do
dE ,,dn ,dfl
,
e
e , p'

K

da

(II-9)

•<P)

where <()(p) is the deuteron wave function in momentum space, do/dftei is the
elastic electron-proton cross section with off-shell corrections, and < is a
kinematical factor describing the density of final states. Here,

P(P) = |*(P)|2 = -\

[l/ u o (r)j o (pr)rdr | 2 + l/u2(r)j2(pr)rdr

2TT

where u (r) and u2(r) are the s- and d-wave parts of the deuteron wave
function, respectively.

The goal of this work is to measure the cross section

in the vicinity of 0.4 to 0.6 GeV/c where the s-wave component is expected to
vanish, and thus, to provide a measure of the d-wave part of the wave
function.

The theoretical calculation for the Reid soft core potential

including final <3tate interactions and exchange currents is compared with
these experiments in Figure II-9 [Ar 82]. The overall agreement is
excellent.

Of course, it: is not known precisely at what value of momentum

transfer the s-wave part of the wave function vanishes.

Current theories

place this minimum somewhere between 0.4 and 0.6 GeV/c.

The work at Saclay

extends only to a momentum transfer of 0.35 GeV/c just short of the expected
minimum.
Even at relatively low momentum transfer, there seem to be problems
with our understanding of the two-nucleon system.

For example, it is well
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known that there is a large discrepancy between the experimental results and
all present theoretical calculations for the cross section of deuteron
photodisintegration at 0° [Hu 76, Lo 77]. Despite the introduction of meson
exchange currents, rather drastic modifications of the tensor component of the
N-N intercction or corrections to the electric dipole operator, none of the
calculations can reproduce the data.

Tb^se findings challenge the

underpinnings of our understanding of even the simplest nucleus.

Figure II-9. Deuteron
momentum distribution p(p) and
P P(p) [Be 81] compared with
the results of a calculation
with the Reid soft core
potential [Ar 82]. The data
nave been corrected for final
state interactions, meson
exchange currents and isobar
configurations. The data were
taken under two different sets
of kinematic conditions. The
corrections are substantially
different in the two kinematic
regions.
1010
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Recently, there have been two reports of narrow structures in the
excitation function for the y + d reaction: a structure at E

~ 400 MeV has

been observed in the d(Y,p)x and d(Y,p7i~)x reactions [Ar 81b].

These data are

illustrated in Figure 11-10 where the ratio of the experimental counting rate
to the expected quasifree cross section is presented as a function of
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energy.

A resonance was found which has a width of 40 MeV and a mass of

2.23 (GeV/c)
resonance.

which is near the mass of the suspected

J

Fo dibaryon

In addition, a study of the polarization of the emitted proton

from the D(y,p) reaction near E y = 500 MeV revealed a rapid fluctuation in the
polarization [Ka 7 7 ] . This fluctuation has also been attributed to the effect
of a dibaryon resonance.

It is essential to study these regions in more

detail, and to extend the investigation to higher energies where additional
dibaryon resonances may occur [Ho 79].

ANL-P-16,654

Figure 11-10. Ratio of
the experimental counting rate
to calculated quasifree
contribution for the d(y,p)X
reaction as a function of
photon energy [Ar 81b]. The
solid and dashed curves give
the expected behavior based on
other calculations of the
process. Q is the invariant
mass of the ir-N system and P R
is the momentum of the
undetected recoiling proton.
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Three and Four Body Systems
A fundamental theory of complex nuclei must be based on an

understanding of the basic forces and currents among the constituent nucleons
and a description of the many-nuclpon system in terms of the elementary
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amplitudes.

The three- and four-body systems are uniquely important tests of

this procedure, since they are sufficiently simple many-body problems that
exact or nearly exact calculations of the nuclear structure can be
parformed.

Since the binding energies per nucleon are greater than that in

the deuteron, with a corresponding decrease in the average N-N separation,
these systems may provide a "better source" of nucleon pairs than does the
deuteron to study correlation effects.

Consideration of a non-relativistic

description of nuclei as composed of nucleons interacting only with two-body

Table II-l.

Binding Energies of 3 and 4 Nucleon Systems

Experiment (MeV)

Calculations (MeV)
2 body

2 and 3 body*

interactions

interactions

3

H

8.48

7.0 ± 0.1

8.1 ± C.I

3

He

7.72

6.4 ± 0.1

7.7 ± 0.1

22.8 ± 0.5

29.1 ± 0.4

4

He

*(Ca 81a)

28.3
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Figure 11-11. The charge form
factor |F h | for 3 He.
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approximation calculations.
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force [Ha 82] .
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forces runs into immediate problems in failing to account for the binding
energies of J H and J He (Table II-l).
serious for

He.

The discrepancies become even more

This has lead to the introduction of 3-body forces and

agreement with the experimental values can be obtained with this procedure
[Ce 81a].
Electron scattering has played an important role in highlighting ..he
deficiencies of the current calculations.

The elastic charge form factor

for 3 He [Me 77; Ar 78] is shown in Figure 11-11 along with several theoretical
form factors [Ha 82]. There is significant disagreement for q 2 > 0.5
(GeV/c) . Mesonic exchange effects are certainly important in this region of
momentum transfer though their exact magnitude is still open to question.

It
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has also been noted recently that uncertainties in the nucleon form factors
are sufficient at large momentum transfer to prohibit an unambiguous analysis
[Ha 82a]. In some analyses of these data [Si 78] the resulting point nucleon
density has a central depression which may provide some insight into the
source of the discrepancy.

It is significant that the calculations with

three-body forces can produce a central depression in the nucleon density,
though not in quantitative agreement with the experimental form factor
[Ca 81a]. Three-body forces rather naturally produce such an effect and it is
clear that this approach needs further investigation [No 81]. A similar
discrepancy between theory and experiment exists in

He (Figure 11-12) which

also appears to have a central depression in the point proton density.
The form factors at q

> 3(GeV/c) will also provide an important

test of quark degrees of freedom in the few body systems.

Nucleon-meson

configuration calculations predict a continuation of the diffractive structure
to q

> 4 (GeV/c)

in

He.

On the other hand, at very large momentum

transfers, the dimensional scaling quark models predict a smooth q~^vJA-1J
behavior.

The determination of the momentum range in which the quark-counting

results apply will be a crucial step in the study of hadronic structure since
it will help define the relevance of perturbative QCD descriptions to the
nucleus.
While the charge form factors of
q

He and

He are known out to

> 2.6 (GeV/c) , the magnetic form factor for JHe and the charge and

magnetic form factors for

H are not as well studied.

The comparison of these

two 3-nucleon systems is particularly important since, while the structure of
the two are related as they are mirror nuclei, the mesonic exchange effects
are different for the transverse and longitudinal form factors. Measurements
of the magnetization densities out to 3 (GeV/c)*" will be feasible with an
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Figure 11-12.
Charge form factor for
elastic electron
scattering from ^He [Ar
78].
The curves
represent various
calculations.
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accelerator of the type proposed, greatly improving our knowledge of these
quantities.
As mentioned in the Introduction, an alternative method for studying
the ground state momentum distribution is by quasifree scattering.

In the

one-photon exchange impulse approximation:

<z

°en>

where

F(y) - 2* Jy p(p) pdp

(11-10)
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-800

-400
y (MeV/c)

Figure 11-13. High q e+3He quasielastic data [Si 80] plotted as a
function of the scaling variable y. The dashed curve is calculated with a
wave function obtained by solving the Faddeev equations.

The variable y is defined to project out the component of the nucleon momentum
parallel to the momentum transfer.
allows some testing of Eq. (11-10).

The scaling of the cross section in y
The results of such measurements for 3 He
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are {shown in Figure II-13, and the scaling seems to be at least approximately
satisfied.

The results are systematically higher than Faddeev calculations at

the larger momentum transfers.

Similar data on

He also show evidence that

the nuclear form factor Is underestimated at large momentum transfer, the same
conclusion that is evident from the elastic scattering studies.
Of course (e~,e~N) coincidence experiments on the three and four
body systems will also provide direct information of the ground state wave
functions.

Each of the complementary techniques is important, aa in each case

the effects of the nuclear structure and the effects of nonnucleonic degrees
of freedom are intertwined, and it is only if consistent results can be
obtained from several approaches that both the nucleon and non-nucleon degrees
of freedom will be experimentally determined.
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C.

COMPLEX NUCLEI

For nuclei with more than four nucleons, the strong interaction
between nucleons does not allow a rigorous solution of the many-body
problem.

These nuclei are described instead either by Hartree-Fo".k

calculations using effective interactions, restricted shell model calculations
with effective interactions, or phenomenological collective models which
emphasize particular nuclear properties.

It is a major goal of nuclear

physics to obtain a description of these complex nuclei at a more fundamental
level.

For energies up to 1 GeV the description of nuclei is mainly in terms

of nucleons with some meson exchange effects included.

Pion exchange currents

have recently become a quantitatively calculable part of nuclear physics and
it should be possible to interpret phenomena in the <1 GeV regime in terms of
nucleons and A's, plus the ir and p mesons.

Such a description would help in

determining explicitly the role quark degrees of freedom play in nuclear
matter.

The principal contributions which the proposed accelerator is likely

to make for the understanding of nuclear structure arise from the increased
beam intensity and duty factor which allow one to conduct experiments that are
marginal or not feasible with current accelerators.

In this category are many

coincidence experiments such as (e,e'N) and inelastic scattering to closely
spaced states which require good energy resolution.

However, there are some

important experiments in nuclei where the high energy feature is also
required, and these will be pointed out.
The study of complex nuclei involves the use of various techniques
depending on which aspect of nuclear structure is being emphasized, so the
following discussion is partitioned into several categories.

Since a

comprehensive summary [Do 81] of electromagnetic interactions with nuclei
exists, our emphasis will be on areas where the proposed accelerator can
provide significant new information.
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1.

Ground State Densities
a.

Elastic Charge Scattering
Electron scattering experiments have provided the most reliable

information regarding nuclear density distributions.

Scattering of hadronic

probes is consistent with the fact that the matter distribution is quite
similar to the charge distribution.
Recently, substantial efforts [Ge 81] have been made to extend the
range of elastic charge scattering in selected nuclei to momentum transfers of
~3.8 fm

, where cross sections are £10

cm^/sr.

The rapid decrease In

cross section w*th increasing momentum transfer (e.g. Figure II-3) indicates
that extensions of only a few tenths of an inverse Fermi will be feasible even
with orders of magnitude improvement in data acquisition capability.
Nevertheless, even this small increase in range can significantly reduce the
"model-dependent" uncertainties in central densities (See Figure 11-14).

In

addition, the proposed capabilities (higher currents, larger-acceptance
spectrometers, better resolution) will permit similar detailed study of nuclei
away from closed shells and of nuclei with intrinsic deformation.

At present,

the technical difficulties of target thickness, resolution and intensity have
restricted the range of momentum transfer over which these nuclei have been
investigated.
In Pb, a benchmark target for these studies, a major fraction of the
central peak arises theoretically from the 3s 1/ protons that fill the shell at
Z = 82.

Quite recently, an experimental comparison of the charge densities

I
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Figure 11-14. The charge densities for several representative nuclei.
Solid curves correspond to "model-independent" experimental results [Ca 79a]
with the thickness of the line reflecting the experimental uncertaianties.
The theoretical curves of Gogny [Go 79] are labelled: Dl-density dependent
Hartree-Fock; Dl+RPA-density dependent Hartree-Fock with RPA correlations.

of

205 T 1 revealed a difference (Figure 11-15) cor-jsponding to the
b and 205

radial wave function of a As l> proton, in accord with the shell model
description [Fr 82]. Similar comparisons, involving pairs of nuclei, have
been obtained for several nuclei in the f-p shell.

For intrinsically deformed

even-even nuclei, elastic scattering and inelastic scattering to the groundstate rotational band are directly related to the intrinsic shape of the
nucleus.

The sensitivity of electron scattering to details of both the charge

43

1

1

ield tteory with odjusted
numbers

Meon

occupation

8

1

if

Main2

4

Saday

A

Q

a

—

oa

-

1., Ji 1

f
i

0.8

i

i

i

qlfm"

Charge density difference
206pt,-?OS n
0.010
\
0.008
E

Adjusted mean field theory
!i '•

,ni Experiment

Figure 11-15. Ratio
of elastic cross
sections for 2 O 5 T i
and 2 0 6 P b reflecting the
effect of the 4s j
proton whose wave
function in momentum
space has a peak near 2
fm
The curve is a
prediction of mean field
theory. In the lower
part of the figure, the
difference in the form
factors is shown iin
coordinate space
[Pr 8 2 ] .

O.0O6
ii i

S

O.OOt
0.002
0

'C'^'V^!'*""-^.
1

|

1

1

1

density and the transition densities coupled with the low probability for
multiple-Coulomb excitation allow "model-independent" measurements of the
multipole decomposition of permanently deformed intrinsic-state density
distributions.
Despite the long impressive history of elastic charge scattering of
electrons, new information is needed.

Precision measurements over a wide

range have been obtained for only a few nuclei.

Because of the rapid decrease

in cross section with increasing q and scattering angle, present facilities
require an inordinate amount of time for these studies.

Orders of magnitude
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increases in counting rates are expected from the proposed facility so that
these fundamental studies may he undertaken.

b.

Elastic Magnetic Scattering
For targets with j > 0

elastic electron scattering.

odd magnetic raultipoles also contribute to

While the longitudinal form factor is determined

principally by the charge density, at large momentum transfers the transverse
form factor is dominated by magnetization currents due to both protons and
neutrons.

In high-spin, odd-A nuclei the highest allowed multipole, M(2J) is

dominant at high q, and arises primarily from the last unpaired nucleon,
thereby allowing investigation of the radial distributions of valence
nucleons.
While the description of magnetic scattering appears to be
relatively simple and extraction of nuclear structure relatively
straightforward, there appear to be significant discrepancies [De 80] between
experimental results and theoretical calculations.

At both low and high

momentum transfers (see Figure 11-16) there are deviations from detailed mean
field predictions that seem to be independent of the detail of the form of the
radial wave function for the valence nucleon.

Accurate knowledge of the rms

radius of this last neutron orbit is crucial to fix Coulomb energy
differences.

The 5-10% deficiency in calculated Coulomb energy differences is

one of the long standing problems in nuclear structure physics.
The capabilities of the proposed accelerator will allow studies of
these orbitals to be continued under diverse kinematic conditions, while the
improved resolution at higher beam intensities makes a wider variety of nuclei
accessible to investigation with reasonable data acquisition rates.
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2.

Inelastic Scattering
a.

Discrete State Inelastic Electron Scattering
The most important influence on nuclear structure of electron

scattering probably occurs in the analysis of inelastic electron scattering to

Figure 11-16. Magnetic
scattering form factor
for 51 V compared to DDHF
predictions. The solid line
is an empirical fit with Woods
Saxon wave functions. The
form factor is designated by
the M7 multipole and the
discrepancy ir. radius is a
general feature of odd-A f
nuclei [PI 82].

discrete excited states of the nucleus. Detailed measurements of angular
distributions are transformed into transition densities that can be compared
with those predicted by theoretical models.
The low-lying collective excitations have long been investigated
with both hadronic probes and electrons, but it is only recently that electron
scattering facilities have come into operation with the capability for
resolution and the momentum range to allow measurement of the radial
dependence of transition densities.

For reasons mentioned earlier, such

detailed studies are currently quite difficult.

Although, qualitative

agreement between experiment and theory is obtained, significant discrepancies
are observed, particularly in regions dominated by large momentum transfer.
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An extensive program of measurements of collective excitation, involving both
rotational and vibrational states of nuclei, would provide means for
distinguishing between various competing models for describing the structure
of the excitations.

The recent work of Hersman (shown in Figure 11-17) is a

Figure 11-17. Transition
charge densities for three 2+
states in *^Gd. They are for
the first rotational, the g and
the γ-vibrational states
reflecting the different shape
vibrations corresponding to
these excitations [He 82].

4
6
RADIUS (fm)

beautiful example of the type of measurement that can be done.

In particular,

the special features of the interacting boson approximation could be tested in
transitional nuclei.
While collective excitations involve a coherent superposition of
many particle-hole configurations, other states may be reached only via
excitation of a single particle-hole configuration built upon the nuclear
ground state.

The analysis of inelastic scattering to these non-collective

states provides insight in*:o the wave functions of these states and also
allows detailed comparison with shell-model descriptions.

Of considerable

interest recently [Li 78] are the "stretched" particle-hole transitions
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observed in nuclei near closed shells.

In these cases, the particle-hole pair

involves promotion of a nucleon from the maximum j state in one major
oscillator shell up into the maximum j state in the next oscillator shell, and
the recoupling of angular momenta to the maximum, "stretched" value.
transitions must always be magnetic in character.

Such

Since the density of such

large J states is small and excitation of the states is maximal at large
momentum transfer, these states are observed even when they occur in the midst
of a high density of low spin states.
The particularly simple form of the magnetic stretched-transition
operator leads to a distinctive momentum dependence for the form factor, and
allows such transitions to be readily identified.

The total observed strength

can be compared to calculated sum-rules based on the occupancy of the holeorbital in the ground state.

In studies to date not more than about 50% of

the predicted strength has been observed, so investigations capable of seeing
weaker transitions and looking for meson-exchange effects at higher momentum
transfer in these magnetic transitions may help resolve the discrepancy.
Studies of spin dependent transitions for high and low angular momentum
suggest the presence of non-nucleonic degrees of freedom involving TT'S, p's
and A's.
Study of discrete excited states would be greatly facilitated with
the proposed accelerator since the higher intensity beams coupled with high
resolution would allow observation of weak states in the presence of the
radiative tails of strong peaks, particularly the elastic scattering peak.
Extension of investigations to higher momentum transfer allows more precise
study of the radial dependence of longitudinal transition densities.

Similar

studies of transitions into the "giant resonance" region coupled with
coincident measurement of the decay modes from this region would permit

'4 8

separation of contributions from overlapping resonances and identification of
higher multipoles.

In these studies the high duty factor is particularly

useful.

b.

Inelastic Scattering at Higher Energy
In the region of excitation above giant resonances but below meson

production, the cross-section is dominated by quasi-elastic scattering from
individual nucleons.

By studying inclusive electron scattering, single

particle features of the nuclear medium can be explored.

The nuclear response

functions SL(q,ui) and ST(q,u>) (longitudinal and transverse) are used to relate
the experimental results to the properties of the nuclear medium.

The

flexibility of the proposed accelerator will allow separation of S L and S T
over a wide range of momentum and energy.
In the response function energy dependence at fixed q, the most
prominent feature is the quasi-elastic peak, which, if nucleons were at rest,
would be a sharp line.

The centroid shift reflects the binding of the

nucleons while the Fermi momentum generates a width for the peak.

The

longitudinal scattering should be relatively unaffected by mesonic degrees of
freedom and should be directly related to decriptions of a nuclear medium
involving nucleons, and correlations between them.

The transverse scattering,

on the other hand, reflects the same nucleonic phenomenon, but includes the
effects of meson exchange and A formation to a much greater degree.
At present, experimental results for both response functions have
features that are not understood.

For ^°Fe, experimentalists [Al 80] find

that for q between 300 and 400 MeV/c the Coulomb sum rule

• *\

C(q) -
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/». v

(4TT/^)

( MAX

J0LmA SL(q,o>) du

has an observed magnitude less than 80% of the value calculated with a Fermi
gas model having an average interaction energy of 35 MeV and a Fermi momentum
kp = 260 MeV/c.

While more recent unpublished measurements suggest that tho

discrepancy may not be real, it would be of great interest to be able to
extend the measurements to q greater than 2kp so that one would have greater
confidence that all the strength has been detected.
The transverse response function S-j.(q,u>) is found to agree with
values from the Fermi gas model in the region of to near the peak cross-section
for quasi-elastic scattering.

However, at higher w, in the region between the

quasi-elastic peak and the region where the pion production cross section
dominates, the observed magnitude of S^. is a factor of 2 larger than the
calculated value.
other nuclei.

This feature has also been observed in

12
C [Ba 81] and

While the contributions from some additional mechanisms have

been calculated, there does not seem to be an adequate explanation of the
sizable values of S™ in this kinematic region.
The higher energy and intensity provided by the proposed facility
will allow studies of deep-inelastic electron scattering which probe regions
not currently accessible to investigation.

At present, separation of the

response functions S^ and Sj at fixed q can be achieved only up to momentum
transfers approaching twice the Fermi momentum.

As mentioned above, higher q

measurements would provide a much cleaner test of the Coulomb sum-rule.

The

increased capabilities can provide better data over a wider range of q and u)
with which to test theoretical calculations and sum-rules; discrepancies could
no longer be attributed to incomplete experimental results.
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3.

Coincidence Studies
In coincidence experiments, the chance coincidence rate is

proportional to the square of the instantaneous count rate while the real data
rate is linearly proportional to the count rate. With current accelerators,
the ~1% duty factor causes the time averaged true coincidence counting rate
set by chance coincidences to be ~100 times lower than the limits one would
have with a CW machine.

In addition, low cross sections, e.g., 10~^° cnr/MeV

sr , require long runs at the present time.

It is clear that a 100% duty

factor accelerator with a 100 pA beam capability would allow measurements with
_on

adequate statistical accuracy down to perhaps 10

n

0

cm /MeV

0

sr . Such a

facility would also make (e,e'n) experiments feasible with data comparable to
current (e,eTp) results.

It is therefore anticipated that a sizeable fraction

of a nuclear structure research program would consist of such coincidence
studies.
a.

Discrete States
It has long been recognized that single nucleon knockout using the

(e,e'N) reaction is probably the best tool for the investigations of nucleon
momentum and separation energy distributions in nuclei.

The small

perturbation caused by the electron, together with flexibility in choosing the
kinematic conditions of the outgoing nucleon for a given momentum transfer to
the nucleus, provides an optimum arrangement for studying the single particle
properties of nuclei. Moreover, electrons easily penetrate nuclei so that the
interior of the nucleus is accessible to investigation, in contrast to
hadronic probes that are restricted to studies of the nuclear surface. The
utilization of (e,e'p) reactions in spectroscopic studies has so far been
limited by the requirement of coincidence experiments involving low cross

51

sections coupled to accelerators with low duty factors, ~l%.

A high current,

100% duty factor electron accelerator will greatly enhance experimental
capability for this type of measurement.
In the intermediate energy regime where the plane wave Born
approximation is essentially valid, the (e,e'p) reaction is viewed as elastic
scattering on a bound, moving proton which is knocked out of the target
nucleus (Figure 11-18).

Neglecting distortion effects (both proton and

electron) the coincidence cross section can be written as:

G ,dT ,dfl ,

ep

Figure 11-18. The
quasi-free (e,e'p)
process in plane wave
Born approximation.

where (do/dJie)e_ ie the elastic electron-proton cross section with kinematic
and off-mass-shell corrections, S(p,E8) is the nuclear spectral function
related to, but not the same as the response function defined in the
Introduction of this section, E g is the separation energy of the proton, and K
Is a kinematic factor.

(The factorization is strictly valid only in PWBA.)

S(p,E e ) is the combined probability to find a proton with momentum p in the
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target nucleus and to remove it with separation energy E .

As can be seen

from the figure, conserving energy and momentum
E

+

s

= E

1"E2 ' V
+

+

" T0
-•

•*•

P B = ?x ~ P 2 - P , = -P

where T^ is the kinetic energy of the particle i, and E^ is the energy of the
electron with momentum p,.
In the case of a spin-zero target with the residual nucleus in a
discrete final state J, a one-step knockout process can only excite this state
to the extent that there is a proton present in an orbital J in the target.
The spectral function, S(p,E o ) is proportional to the spectroscopic factor for
the particular final state times the momentum-space representation of the
proton density in the bound orbital.

In practice, the nuclear medium causes

distortion of the outgoing proton wave, so that extraction of nuclear
structure information is more complicated than in the plane-wave Born
approximation.

However, the distortion effects can be minimized by selecting

outgoing proton energies of several hundred MeV where the nucleon mean free
path is three times larger than at 50 MeV.
As a specific example of the science that can be studied, consider
12

11
il

C(e,e'p) B where some data [Mo 76] already have been obtained.
although of considerable interest, were limited to q < 300 MeV/c.

These data,
It is

precisely in the region q "300 - 450 MeV/c, that one expects deviations of
nucleon wave functions from those derived from mean field approximations.

The

strong interaction between nucleons at distances ~0.65 fm should strongly
modify the momentum apace wave function thereby giving rise to "short-range
correlation" effects.

The

12

C(e,e'p) data are shown in Figure 11-19 where the

possible emergence of a Iβ state for low momentum transfer is seen.

While
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Figure 11-19. Missing (separation) energy spectra for 1 ^C(e,e , p) 11 B
with 497 MeV electrons and 1% duty cycle [Mo 76]. The upper part of the
figure corresponds to low momentum transfer, with the B level scheme shown
as an inset, the lower part corresponds to higher momentum transfer. The
region equivalent to the shaded part of the lower spectrum was remeasured
recently at NDCHEF-K with a double-dispersion matched system, E * 270.5 MeV,
p • 100 MeV/c, and is shown as an inset hi the lower figure.

the detailed momentum dependence could not be mapped out because of poor
statistics, evidence for discrete final states is seen for the ground state
and in three other peaks.

With substantially improved resolution, as was

obtained quite recently using the facilities at NUCHEF-K [Br 82], these peaks
are clearly observed in the spectrum shown in the inset in Figure 11-19.
With the proposed accelerator one could, for instance, map the
momentum distributions for the IP3/2

atu

* lPl/2

orD

* t a l s separately, from the

momentum distribution determine to which extent the 1/2

and the 7/2" states

at 6.7 MeV are excited, and could even explore weak s-d shell admixtures in
the

12

C ground state from the population of the 3/2 + and 5/2 + states in

1]

-B.

The momentum distributions, S(p) at fixed E, should be measured out
to as high a momentum as is feasible.
several incident electron energies.

The experiment should be repeated at
It is assumed that complete spectra

covering a wide range of excitation energy (~100 MeV) would be obtained
throughout.

Such a study would require incident electron energies ranging

from ~500 MeV to ~1500 MeV.
The experiment would then provide data for coincident scattered
electrons and ejected protons under kinematic conditions where the excitation
energy is precisely known, the momentum transfer to the nucleus covers a wide
range for each state, and the kinematic regime is varied sufficiently to
provide separation of longitudinal and transverse form factors so as to
ascertain the impact of distortion effects and higher order processes.

We

would expect to determine the wave function of individual orbitals up to high
momenta through the longitudinal component, and be able to investigate
contributions due to meson exchange currents in the transverse component.
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b.

Excitation above Bound Levels
Above about 8 MeV, the residual nucleus becomes unstable to emission

of nucleons and heavier particles, and the spectrum as a function of E g
becomes a continuum as in Figure 11-19.

Current measurements of (e.e'p) have

concentrated on interpreting the spectral function in terms of broad
distributions of the strength for removal of protons from valence orbitals and
more deeply bound orbitals.

The results are then average momentum

distributions and centroids of binding energy for each orbital.

In comparing

the summed strength to sum-rules for the occupancy of the orbitals, therp are
deviations.

There is also a general lack of agreement with the basic Koltun

[Ko 72] sum-rule which relates the mean separation energy and mean kinetic
energy to the known total energy per proton.

The integrals with present

spectral functions do not provide enough binding energy.

The measurement of

orbital momentum distributions for discrete states may prove helpful in
resolving questions about present theories.

c.

Relation of (e,e'N) to (Y,N)
The discussion has considered only one-step proton knockout as

illustrated in Figure 11-18.

If the left hand edge of the figure were

obliterated, the diagram could equally well describe a (y,p) reaction.
Indeed, photo-ejection of nucleons provides the same Information as is
obtained from the transverse form factor in (e,e*p).

Further, the restriction

to real photons limits the minimum momentum transfer to values of q ~25O MeV/c
or greater.

One of the main objectives in the (e,e'p) studies is to provide a

sizeable overlap in momentum between (e,e'p) and (y,p) results.
20, the current status of such overlaps is exhibited for

In Figure II-

C, one of the few

nuclei for which there is some overlapping data (around 300 MeV/c.)*

£» order
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Figure 11-20. The lp
shell momentum
distribution for1 2 C
deduced from the data
for the (e,e'pQ)
reaction (open circles)
and the (Y,p o ) reaction
(solid circles) after
making distortion and
other corrections. The
momentum distributions
calculated from an
empirical Elton-Swift
potential are also
shown; the solid line is
the IP3/2 distribution
and where it is
distinguishable the
dashed line shows the
effect of a 10%
admixture
[Fi 77].
100

200
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to compare the momentum distributions from (e.e'p) and (Y,p) reactions,
corrections must be made for final state (i.e. p-nuc"!eus) distortions.
Such corrections are approximately included [Fi 77] in the data shown in
Figure 11-20.
There are serious problems that must be considered in addition to
merely providing an overlap between two probes that supply the same
information.

The interaction between electrons (photons) and protons is

relatively strong while the e-neutron interaction is quite weak proceeding
only via the magnetic moment.

It is experimentally observed, however, that

(Y,n) cross sections on T « 0 nuclei are of the same magnitude as (y,p) cross
sections, at least up to a photon energy of 100 MeV, in disagreement with a
simple model of the scattering process.

Of course, to the extent that giant

resonances of specific lsoepin play a role (w £ 50 MeV), this "final-state
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Interaction" will tend to keep (Y,p) and (Y,n) cross sections equal.
Since the (Y,N) process to bound states is generally poorly matched in
momentum, this process nominally explores the high-momentum component of
shell-model wave functions, but here processes other than the simple, direct
one-body vertex (e.g. meson exchange, multi-particle correlations, off-shell
delta contributions) may become important [Lo 76, He 76]. As is evident in
Figure 11-20, with (e.e'N) one can look at all regions of the form factor,
including its peak, where direct effects surely dominate.

With photons one is

restricted to high momentum transfer, where more complicated effects arise.
Such effects, however, have become of increasing interest.

Mesonic

degrees of freedom, for instance, will be more important in the transverse
response function, which is the only term present in (y,n) reactions.
electron may scatter from protons via longitudinal scattering.

The

With the

proposed facility, (e,e'W) studies are feasible over the entire range of
interest for both longitudinal and transverse response functions.

A careful

examination of the momentum dependence of (e,e'p), (e,e'n), (Y,p) and (7,n)
reactions on T = 0 nuclei, including separation into longitudinal and
transverse response functions for several discrete final states should help
clarify our understanding of the reaction mechanism and may also provide a
means for explicitly measuring the effects of meson exchange currents.
A major facet of the proposed nuclear structure program is expected
to involve studies of (e,e'N) reactions.

The relative simplicity of

electromagnetic interactions coupled with the flexibility in choosing
kinematic conditions provides a capability for investigating the spatial
interior region (or deeply bound states) of nuclei which cannot be reached
with hadronic partic."*»s
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A natural extension of single nucleon ejection is the ejection of
several correlated nucleons or clusters.

To the extent that the impulse

approximation is valid, (e,e'X) reactions, (where X is a group of correlated
nucleons) explore such correlations.

For small energy losses, these

experiments investigate cluster wave-functions in a manner complementary to
heavy-ion induced reactions.

For larger energy losses questions of pre-

formation of clusters become relevant.

When the photon wave length is

comparable to the nucleon size, the momentum dependence of short-range
correlations should become amenable to investigation.

At present, this

subject suffers from a dearth of data, which would be rectified with the
proposed facility.
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D. STUDY OF NON-NUCLEONIC DEGREES OF FREEDOM IN NUCLEI

1.

Present Status
One of the major areas requiring investigation in nuclear physics is

the effect of non-nucleonic degrees of freedom on the properties of nuclear
matter.

Some aspects of these questions have been referred to earlier, in

connection with meson exchange currents.

Our present understanding of nuclear

matter in its ground state certainly implies some assumptions about nonnucleonic degrees of freedom and the short-range high-momentum components of
the effective nucleon-nucleon interaction, and internucleon correlations.

By

far the most promising tool for the exploration of these questions lies in
electromagnetic probes in the GeV range.

Since our understanding of this

regime is still at a very rudimentary level the discussion in this section is,
of necessity, more qualitative than other aspects of electron physics.
There are two major developments which make it possible to study
non-nucleonic degrees of freedom inside the nucleus with increased vigor.
First are the theoretical methods, which in concert with modern computers have
become sufficiently accurate that the consequences of conventional nuclear
models in describing several important nuclear quantities can be explored in
an almost "exact" way.

The outcome of these investigations demonstrates the

limitation of conventional nuclear theories involving only two-body forces
between nucleons.

For example, Fig. 11-21 and Table II-l show that nuclear

saturation cannot be described correctly by these theories.

Different

calculational procedures [Da 8 1 ] , [Ca 81a] and [Za 81a] agree and support each
other.

Another specific instance of the limitations of present theory was

discussed in saction II-B, namely the form factors in the mass 3 system.
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The second advance is experimental; new data from the facilities at
LAMPF, SIN, TRIUMF, Bates, etc., provide contact with nuclear properties in
the region where internal momenta are high and the excitation energy is large
enough to be at least comparable to the pion rest mass.

Data on pion-nucleus

interactions have revealed some of the gross properties of A-propagation
inside nuclei. Many of the features of A-nucleus reactions can be described
in terms of the formation of a A-nucleon hole state, an-J its subsequent decay
[Hi 79]. A-formation is also a dominant feature in the excitation function of
photo-nuclear reactions, and Figure 11-22 shows a comparison of inclusive
proton spectra at three laboratory angles for the

C(y,p) and

12

C(u,p)

reactions [Me 80]. The data are virtually indistinguishable, demonstrating
that it seems to be the dynamics of A propagation and decay rather than the
excitation mechanism which determines the proton spectra.
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Although intermediate energy data have indicated several possible
avenues for study, we are still in an ambiguous state regarding non-nucleonic
degrees of freedom within the nucleus.

This is evident from the fact that

exchange current calculations, for processes other than the well established
one-pion exchange, produce quantitatively very different results [Rh 7 9 ] .
Furthermore, there exist several different approaches to including
relativistic effects.
(v/c)

Most studies [Fr 77] are based on a low velocity

- expansion of current operators.

Another approach [Ar 81] uses the

covariant three-dimensional quasi-potential formalism deduced from
relativistic field theory.

Both techniques yield reasonable agreement with

the present data, but their predictions differ greatly at higher energy or
momentum transfer.

To resolve these problems, it is necessary to have data in

the region where both the non-nucleonic degrees of freedom and the
relativistic effects are important.

Such data are not obtainable with present

facilities.
We are in a transition period in developing a new understanding of
the nucleus including non-nucleonic degrees of freedom, and more experimental
data are needed to better define the interactions between mesons, A's and
other excitations within nuclear matter.

There are two non-orthogonal

approaches to the theoretical treatment of non-nucleonic degrees of freedom in
nuclei.

Guided by hadronic spectroscopy, new degrees of freedom may be added

one by one as the range of energy-momentum transfer to nuclei increases.

Most

current theoretical work (e.g. exchange current calculations, the isobar-hole
model, etc.) belong in this category, and important advances have been
achieved.

Alternatively, one could also build on the development of quantum

chromodynamics (QCD), and to express nuclear properties in the high momentumtransfer region directly in terms of the quark and gluon degrees of freedom.
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The confinement mechanism for quarks inside hadrons is not understood at
present and may pose a fundamental difficulty.

However, if one accepts

confinement by first introducing bags [De 75, Br 79] or confining potentials
[De 75a] phenomenologically, QCD-based quark models have considerable success
in describing properties of hadrons. Extensions [De 78] of these models to
the nucleon-nucleon force and the properties of the many-nucle^ a systems are
now being seriously investigated.
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As a start, one may consider only the lowest two non-nucleonic
degrees of freedom:

the pion and the A, and assume that the A and TT couple to

nucleons by the

and NA~NN Interactions.

TTN-A

Such a nuclear theory will

already contain mechanisms for generating significant three- or four-nucleon
forces, which are apparently needed to resolve the problem of nuclear
saturation (Figure 11-21), and contain the dominant features for describing
the phenomena related to pion production and A-excitation.

Nuclear theories

of this type are being extensively pursued [Hi 79, Be 81b] in the area of
hadron-nucleus interactions.
The dynamics of A-propagation are likely to depend on the energy and
momentum of the A.

We can test the dynamics of such models by using either

pions or electrons as probes, with a A in the nucleus created by the wellknown mechanism irN-A and yN-A.

This mechanism is illustrated in

Figure II-23(a), where U^(q,w) represents the average A-nucleus potential
describing A-propagation [Le 8 1 ] . We note that the present meson facilities
can only probe U^ in a very limited region of the q-(») plane, as illustrated in
Figure II-23(c) where the region accessible to electrons is also shown.
A multi-GeV electron accelerator will explore A-propagation in regions of q-io
space which cannot be reached by any meson- or the existing electronfacility.

Electromagnetic interactions in this region of higher energy

transfers will address the whole host of questions of how nuclear matter
responds to relatively large transfers of energy ?nd momentum.

Determinations

of longitudinal-transverse, or multipole, decompositions will tend to depend
on the coordinate frame in which the experiment is analyzed [e.g. the center
of mass with a (free) nucleon, that with a A or with some other entity, or the
whole nucleus]—this choice implies model assumptions.

It seems probable that

the data will at first have to be viewed from an empirical perspective and the
choice of coordinate frame guided by the data.

The study of the properties of a hot, dense nuclear system which can
be produced in stellar processes or in relativistic heavy-ion collisions,
requires knowledge of the propagation of higher hadronic modes inside the
nucleus.

In the u> > 0.8 GeV region, mesonic modes [Do 8 1 ] , such as p, oi and <(>

can be excited electromagnetically.

It is apparent from Figure 11-23 that the

propagation of these more complex entities inside the nucleus can also be
explored in a wide region of the q,u> plane accessible to a multi-GeV electron
accelerator.

The development in this direction then will reach into a regime

of nuclear phenomena which should motivate further theoretical development.

2.

Some Suggested Experiments
Compared with other hadronic probes such as protons, pions and

kaons, the electromagnetic process can explore deep inside the nucleus,
because the electromagnetic coupling is weak, and the analysis becomes simpler
because the electromagnetic coupling is known.

By using the proposed electron

accelerator, one can easily obtain extensive data of reactions such as (e,e'ir)
and

(Y,TT)

at energies well above threshold and at high momentum transfer.

Because of the 100% duty factor, accurate coincidence measurements of
reactions such as (e,e'p) (e.e'ir) or even (e.a'irN) can be carried out.

Such

data will tell us about A-nucleus dynamics and mesonic currents.
The details of experiments of the above type have been documented
[Do 8 1 ] , and need not be repeated here.

In the following, we will only

discuss two specific classes of experiments as examples, to demonstrate the
usefulness of a multi-GeV electron accelerator.
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Figure 11-23. Diagram (a) represents the interpretation of photon or
pion-induced reactions in terms of the A-nucleus interactions where ^(q>0))
represents the average A-nucleus potentials. Diagram (b) illustrates A
electro-production. Only the pion production final state is shown, the
contour plot (c) is an idealized nuclear response function for electron
inelastic scattering as a function of momentum transfer and energy transfer.
The kinematic limits for existing beams (0.8 GeV) are indicated. Also shown
is the energy-momentum relation for pion-induced reactions. The two contour
ridges represent quasifree nucleon knockout and quasifree delta production.
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a.

Electroproduction of the A in nuclei.
Important strides in understanding the behavior of the A in a

nuclear medium can be made by using electrons in (e,eX) coincidence
experiments.

This was illustrated above in Figure 11-23.

Kinematically, pion

and photon-induced reactions are very similar, due to the light mass of the
pion.

The major difference between the two is that the photon interacts

throughout the nuclear interior unlike the pion which is likely to form a A at
the nuclear surface.

This distinction may not be too important on a small

nucleus such as

A typical rapidity distribution [Me 80] from a pion-

C.

induced reaction is shown in Figure 11-24 where the average number of
interacting nucleons deduced from the velocity of the reference frame in which
the proton distribution is isotropic is N~5.

It was recently proposed [Br

82a] that a single on-shell A may decay in the nucleus primarily through the
AN-*AA process, and the secondary A's then have little choice but to interact
with one more nucleon each, thus producing approximately 4 nucleons in the
final state.

In the energy-momentum plane of the (e,e') reaction, the two

ridges in Figure II-23(c) correspond to quasifree nucleon knockout, and
quasifree A production.

Along the quasifree A production ridge, an almost on-

shell A can be produced in the nucleus while the average A-nucleus relative
momentum may be varied.

In this fashion the momentum dependence of the A-

nucleus interaction can be studied in a controlled way.
is illustrated schematically in Figure 11-25.

A typical experiment

For electron, photon, or pion

induced reactions, by studying the shower of particles emitted following the
decay of A in the nucleus, one could deduce how many particles were involved
in the interaction as a function of A momentum.

In the upper part of Figure

11-25, the hypothetical distribution for on-shell photon-induced reactions is
shown schematically.

The centroid of the distribution ehould shift as the A
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Figure 11-24. Analysis
of the energy and momentum
distributions of protons from
220-MeV pion absorption on Ta
from [Me 8 0 ] . In this plot,
the invariant cross section is
plotted in the plane of
rapidity Y ra v,,/c, where v is
the velocity parallel to the
beam, and p (momentum
perpendicular to the beam).
The different size points
represent different levels of
cross sections, and each group
of points represents a
measurement of a single angle
of the energy distribution of
protons. The circles
represent the best fit to
these contours in which the
nucleons are emitted most
nearly isotropically and the
arrows represent the
rapidities corresponding to
absorption by 2, 3, or more
nucleons.
Y corresponds to
N=5.

momentum is varied and the distribution may also change.

Since inelastic

electron scattering from the nucleus in the vicinity of the A ridge in Figure
11-23 is dominated by A-formation, singles rates in (e,e'iT) or (e,e'xN)
experiments are likely to be similar in the hadron and electron arms for all
but the forwarH-most angles, and data rates in coincidence experiments would
be comparable to rates in pion induced single-arm experiments.
The second region of the energy-momentum plane where A effects are
likely to be important is that of high momentum transfer illustrated in the
lower part of Figure 11-25.

The investigation in this region is tied very

closely to the understanding of all questions of high-momentum components and
inter-nucleon correlations in the nucleus.

In this region, the nucleus
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Figure 11-25. Schematic representation for the expected nucleon
distribution for a typical experiment with (a) pion and photon-induced
reactions (b) inelastic (e,e') with |cq| > u, q * 1-2 GeV/c.
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has to absorb the large momentum of the virtual photon and mast rely on either
the existence of significant high-momentum components of the single-nucleon
wave functions or the interactions with multi-nucleon correlations within the
nucleus.

Since meson exchange is expected to be the primary means by which

the momentum is spread through the nucleus, the strong pion-nucleon-A coupling
implies that the isobar degrees of freedom will be particularly important.
Experiments of this class will prove to be invaluable in untangling the
dynamics of reaction mechanisms in this region.

The determination of the

number of nucleons which share the transferred momentum will be particularly
significant.

b.

Electroproduction of Hypernuclei
The study of the structure of nuclei containing strange baryons is

one of the tantalizing frontier areas of nuclear research.

The question of

how the symmetries and simple degrees of freedom of nuclei may be modified
when, in addition to neutrons and protons, a third kind of quasistable
particle is introduced, provides potentially highly informative tests of the
foundations of models of nuclear structure.

There has been a substantial

increase in the amount of data available on hypernuclear structure from the
(K~,n~) strangeness exchange reaction [Po 81].

However, at this time the

experimental limitations of this reaction have restricted us to rather poorly
defined glimpses of the structure - some features are apparent but much is
left to the imagination of the physicist interpreting the data.
The study of hypernuclei with electromagnetic probes is centered on
the N(y,K )A or N(e,e'K )A (or £) reactions.

Here, as we shall see, it is

feasible to do experiments with reasonable energy resolution and counting
rate, comparing favorably with the N(K~,it~)A process.

Also, the nucleus ie
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highly transparent to electromagnetic probes and reasonably transparent to K ,
as opposed to a high degree of opacity for IT" and K~.
the nucleus is likely to be probed more effectively.

Thus the interior of
The disadvantage of the

reaction is an inherent momentum missmatch of q £ 350 MeV/c which will tend to
reduce relative cross sections for low-spin states and enhance high spin ones
(L £ 4 in a light nucleus).

This selectivity could actually be an

The well-matched (K_,n~) reaction shows the strongest low-

advantage.

spin A-nucleon hole excitations.

The (Y,K + ) or (e,e'K + ) reactions will, on

the other hand, selectively show the simple high-spin hypernuclear particlehole states.

Thus, from the combination of data one may hope to extract

information on the range and the spin dependence of the A-N effective
interaction.
It is clear from electroproduction of any excitation [Bj 66] that
cross sections are ~ira (or a few percent) of photoproduction cross sections.
But, since monochromatic bremsstrahlung photons have to be tagged,
electroproduction experiments have a large advantage in counting rate.

We

estimate the electroproduction cross section for the same state as was
discussed by Bernstein et al. [Do 81]. Given the known cross section of the
elementary photoproduction cross section of K

from the nucleon [Fe / 2 ,

Sc 70], rates may be estimated for ~1 MeV resolution (0.5 g/cm^ targes:, 100 uA
electron beam, two 30 msr magnets with 20% kaon survival in the K +
spectrometer).

The choice of electron angle is limited by the bremsstiahlung

peak at 0° - but 15° (±5.6° for 30 msr) seems reasonable.

The optimum kaon

angle as may be seen in Figure 11-26 is 6 R * -10 ° for E e - 2 GeV.
estimated cross section is

0.7 x 10" 4

Wb

„**»

Here, the
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The upper figure shows angular
correlations for fixed inelastic
energy and various electron angles
(the kaon angle is on the side
opposite to the electron). The
lower figure shows the electron
spectrum for fixed geometry.
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Assuming a momentum bite of Ap/p * 30% in each spectrometer we get counting
rates of ~50 cts/hr for the (Als 1 / 2 ) ( P l 8 1 / 2 ) i |

state with a

12

C target.

Singles rates in the electron arm would be a few times 10 /sec which one
should be able to handle with a C.W. beam.
Clearly electroproduction will open up the field of hypernuclear
physics to much more detailed qualitative studies than have been possible
hitherto, and allow the quantitative exploration of this new dimension of
nuclear structure.
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E.

PARITY VIOLATION AND NEUTRAL WEAK CURRENTS

While an electron at low energy Interacts primarily via photon
exchange it has been discovered over the past decade that it also interacts
via the weak interaction.

The large mass of the neutral weak vector boson

which mediates this interaction, the Z° (~100 GeV), greatly suppresses the
weak interaction at low momentum transfer, however it is clear that electron
scattering can play a large role in the study of the weak interaction.

Both

the charge changing and neutral weak interactions are known t ) have parity
violating parts.

Thus the small effects of these weak interactions can be

uncovered by detecting pseudoscalar interaction terms in physical processes
e.g. (α-p).

In particular, this may be done with electron beams by observing

the difference in yield between right handed (-f—? = +1)
- > • - » •

handed (-[•—f = -l)

'

electrons.

"

and Left

'

This difference or asymmetry is written as

dn

- da

This asymmetry is due to parity violation which in the present
framework can arise from two sources.

It can be caused by a direct

interference between the dominant electromagnetic scattering and the parity
violating part of the Weak Neutral Current (WNC) Figure 11-27.

The asymmetry

can also be brought about by a parity admixture in the nucleus caused by weak
interactions amongst the hadrons.

Figure 11-27.
Feynman diagrams for
electromagnetic (y) and
weak neutral ( Z Q )
scattering of an
electron from a hadronic
system.
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4
in obvious notation.

PV

The order of magnitude of the asymmetry is given by
PV

10 -5

A =
A

EM

M

2

10" 4 q 2

(11-13)

2

(4Tra/q )

which produces small effects for (1 GeV/c or smaller) momentum transfer.

This

demonstrates that the asymmetry experiments are certainly difficult and will
require considerable ingenuity in addition to an intense longitudinally
polarized .lectron beam.

The discussion of parity violating effects and the

utility of a few GeV CW electron accelerator for this research is well done in
[Do 81]. We will only briefly review the present status of the subject and
present an experimental program with slightly different emphasis from [Do 81].
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To examine the effects of parity violation in the nucleus one can
employ a general formalism for the asymmetry in the scattering of polarized
electrons from nuclei developed by Brian Serot [Se 79]. He considers two
sources of parity violation as the source of the observed asymmetry.

The

first is the effect of the weak neutral current on the electron-nucleus
interaction while the other is parity violation in the initial and/or final
nuclear state.

This latter effect is due to the weak interaction between the

hadrons in the nucleus and can be shown to be negligible in the 1 to A GeV
range, but can become important for low energy (<100 MeV) electrons.
The situation with regard to investigating the weak neutral current
carried by the nucleon is much more promising.

At this writing the "standard

model" of the WNC developed by Glashow [Gl 61, Gl 70], Salam [Sa 68], Weinberg
[We 67] and others can account for all experiments involving lepton-lepton and
lepton-quark couplings [Ki 81].
However, there does not exist an extensive body of precise data on
WNC, as the principle sources of experimental information are neutrino
interactions and small asymmetries in the deep inelastic scattering of left
and right handed electrons.

The very nature of these experiments requires

that they be carried out at high momentum transfer. Virtually nothing has
been observed at momentum transfers below a few GeV/c.

There are several

questions of principle to be addressed regarding the weak hadronic currents at
low momentum transfer. Will the WNC carried by nuclei simply be the sum of
the vector and axial vector WNC carried by the constituent quarks?

The answer

is very likely yes in the case of the vector current because of CVC.
quite unlikely to be the case for the axial current.

It is

For example, it has not

proven straightforward to obtain the observed value of 1.25 for g^ from any
quark model of the nucleon.
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To date only one measurement [Pr 79] of a parity violating effect
has been carried out with polarized electrons.

It was performed at SLAC and

involved the asymmetry in deep inelastic scattering from deuterium.

At a beam

energy of 19.4 GeV and a scattering angle of 4 degrees, the observed asymmetry
was 15.2 ± 2.5 x 10"^. This result confirmed the "standard model" and leads
2
to a value of 0.23 ± 0.015 for sin 8 W though a large value is found for a
parameter S = 1.74 ± 0.36 which should be 1 in the "standard model."
An experament [So 77, So 79] is currently in preparation at the
Bates Electron Accelerator to measure A in elastic scattering from
the

1?
C.

As

1?
*C ground state has J = 0 only the vector part of the nuclear weak

current may enter (coupled with the axial vector WNC carried by the
electron).

Further, as the

interactions play a role.

19
C ground state is T = 0 only the isoscalar WNC

The WNC can be written

J N = J C T 3 - 2 sin 2 6 w J EM

where J
current.

is the charge changing weak current and J

(11-14)

is the electromagnetic

It is evident that the Bates experiment directly measures sin^0w.

The size of the asymmetry in this case is given by

-4 q v
2
A = +3.2 x 10
-y P sin 6
Z
W
M

where P is the longitudinal polarization of the beam.

(H-15)

At a bombarding energy

of 150 MeV and 9 - 60°, A = 2 x 10"6 is predicted for the. "standard model."
The analysis for this case is particularly simple and direct because the
nuclear form factors are identical for the weak and the electromagnetic
scattering*

Thus the experiment carried out to design specifications will

provide an accurate value for sin 2 9 w .
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It should be noted that even though the size of the asymmetry
increases directly witli q

it is not necessarily a great advantage to perform

2
the measurements on phenomena other than deep inelastic scattering at high qu
because the electromagnetic cross section falls off at least as fast as —r .
Thus considering the statistical error in A one finds

n

This compensates for the increased asymmetry which varies directly as qjj (see
Eq. 11-13).

Of course, the eventual limit is set by systematic errors and it

is difficult to see how an asymmetry much smaller than A = 10

can be

measured, a limit now reached in polarized proton experiments.
The GEM accelerator will provide a significant advance in the
capability to study weak neutral currents.

The CW feature of the accelerator

makes a laser driven GaAs polarized electron source easy to operate as the
state-of-the-art in laser technology is not pressed.

Furthermore, the CW

nature of the beam allows pulse height analysis on individual events if that
should prove necessary.
10

(Note that this would only be desirable for A > 5 x

) . With a polarized beam of ~100 pamp from a 4 GeV accelerator, it should

be feasible to measure asymmetries on the proton out to momentum transfers of
the order of one GeV/c.
There are three particularly important experiments which can be
carried out with a few GeV accelerator.

The first is a measurement of the

asymmetry associated with elastic scattering for the proton.
A prescription [Ho 78] using quarks has been worked out using as
input the charged weak and electromagnetic scattering results on the
nucleon.

This procedure should not be considered reliable, especially for the
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hadronic axial current, though the result does have the virtue that it yields
the same result as Equation 11-14. An illuminating way to present the result
for this asymmetry is to assume the "standard model" and to treat all the
nucleon form factora as having a common dipole form

F(q 2 ) =

5
-C
2~2 '
[1 + qy0.71 (GeV/c) ]

The constant C depends on the value of the form factor at q = 0. We find
using the "standard model"

A = ~

2
%
4M2

!

K } x

VP ^

2

q

v ,

I K Hh q 4 ( l H

where \i = 1.79, u^ = -1.91, K = 8M 2 E 2 - 4MEq2 - 2M2qJ, G p - 1.01 x 10~ 5 /M 2 ,
Q

= (1/2 - 2sin 2 9 ) = 0.036 ± 0.018.
w
w

The denominator is the electromagnetic

scattering from the proton with the first term being the longitudinal part and
the second the transverse.

In the numerator the quantity QJJ = (1/2 - 2sin 6 W )

is viewed as the neutral weak charge on the proton and it is 3een to be
<0.05.

The term beginning with 1.25 (the axial vector coupling constant) is

multiplied by Q N because the WNC vector charge of the electron is - V 2 +
2sin^6 w in the standard model.
sin 6

These terms are greatly suppressed because

is approximately V4 • The dominant terms are those associated with the

WNC magnetic properties of the proton which in the quark model are identified
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with the electrical properties of the neutron.
the target were a neutron!

The converse would be true if

As was discussed in section II-B, the asymmetry in

the neutron scattering is sensitive to the neutron electric form factor Gg and
may prove to be the best experimental measure of this very important
quantity.

The asymmetries presented in [Do 81] have been shown by Soulder et

al. to lead to experiments which can yield better than 10% results in 100
hours of beam time.
In the same spirit as eq. 11-16, an expression for the asymmetry in
the electro production of the A(1232) can be obtained.

The result in this

case is much simpler (than eq. 11-16) because the transition is pure
isovector*

The result written below can be put on a more reliable foundation

than similar expressions in the literature [Jo 80] because it does not depend
on a quark model for the nucleon or A, all that is required is that equation
11-14 apply.

In fact, it is clear that the observed low q weak, and

electromagnetic currents in the nucleon and delta carry strong corrections to
those carried by the constituent quarks.

The asymmetry in electro production

arises from the pseudo scalar interaction term between the electron and the
nucleon-delta transition current.
„
H

.e

-N-A , . TN-A

pV ~ jV *JA

+

Vv

where V and A refer respectively to the vector and axial vector currents.
WNC carried by the electron is ~0 (1/4 - sin 2 9 w ).

The

Thus, the last term

dominates and as it is a pure isovector vector-transition its form factor is
identical to the electromagnetic form factor.

NA

Thus to better than 5% we have

e2;

G q
/2(2iro)

( n
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This asymmetry is as large for elastic scattering and the cross sections are
comparable &t 1 GeV/c momentum transfer.

This experiment could be carried out

in a manner similar to that employed for the asymmetry in elastic scattering.
Since the weak and electromagnetic interaction are both formulated
in terms of quarks and leptons, it has been tacitly assumed that the weak and
electromagnetic currents in strong interacting systems have the same
structure.

If quarks, leptons, photons, and intermediate vector bosons are

the only particles in the theory, this is an exact statement since the only
currents which can be contributed involve the same quark wave functions.
However, if the particles mediating the strong interaction can couple to weak
or electromagnetic fields, then this is no longer true.

The fragmentary data

which exist on weak neutral currents thus far do not permit a quantitative
test of this assumption.
1o

As third specific example, consider the asymmetry in

the e + " C elastic scattering measurement.

From eq. 11-14 the weak and

electromagnetic currents are strictly proportional in the standard model for
2
an isoscalar transition, and the only dependence on q^ is a strict
7

2

proportionality; A a q v • This can be easi3y tested by measuring the qv
i o
dependence of the
C asymmetry. It is clear that in a nucleon-meson picture
of nuclear dynamics, there is no obvious constraint for isoscalar currents
that the weak and electromagnetic form factors be related.

Due to the

structure of weak interactionss it is necessary to look "beneath" the nucleonmeson states and directly consider the quark dynamics.
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III.

A.

1.

DESCRIPTION OF GEM

OVERVIEW OF THE ACCELERATOR FACILITY

Introduction
A six-sided hexagonal microtron has been chosen as the accelerator

to generate the beams required to pursue a national research program at a CW
A GeV electron laboratory.

This option has the advantage of superior beam

quality, low capital and operating cost, and promise of furnishing beams of
several electron energies simultaneously.

Only moderate rf power is required

because of the basic feature of all microtron designs, recirculation of the
electron beam through the same rf accelerating section many times. The
"hexatron" design has the additional feature of compatibility with an existing
accelerator complex at Argonne which is currently unoccupied and available.
The replacement cost of that complex, formerly occupied by the Zero Gradient
Synchrotron is more than $50 million.
The evolution of the microtron design from the earliest classical
version of Veksler [Ve AA] to the proposed hexatron is schematically depicted
in Figure III-l. The basic principle of operation of all microtron types is
embodied in the microtron coherence condition which requires that the orbit
geometry be adjusted to insure that the transit time from exit of an rf acceleration section to entrance on the next traversal of the same rf section be an
integral multiple of the rf period, thereby insuring uniform acceleration up
to the extraction energy.

In the approximation that the electron velocity,

v/c » 1, this corresponds to the usual microtron condition that successive
orbite increase in length by an integral number of rf wavelengths.
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CLASSICAL
MICROTRON

Figure III-l. Various
designs for electron
microtrons. The microtron
principle states that the
increase in length of
successive orbits should be an
integral number (v) of rf
wavelengths. The resulting
restriction on the change in
orbit radius, AR, is shown
above for each geometry. The
condition is met by adjusting
the energy gain per turn AW
and the magnetic field in the
sector magnet B to give the
prescribed AR.

RACE TRACK
MICROTRON
LINAC
LINAC 2
OOUBI.E-SIDED
MICROTRON
i-G

(7r-2)AR=i/X

LINAC

LINAC I

Figure III-l shows various possible geometries for electron microtrons. In
every case the fields in the bending "sector" magnets are assumed to be
uniform.

The circular geometry of the "classical microtron" corresponds to

the design originally proposed by Veksler [Ve 44]. The maximum energy
attainable in this version is limited by the finite length of the rf cavity.
In the racetrack geometry, which was developed to avoid this limitation, the
magnetic field is split into two half circular sectors separated by sufficient
drift space to allow the insertion of a llnac section of substantial
accelerating power.

This geometry is commonly used to accelerate electrons to

energies of a few hundred MeV.

For higher energy operation (>500 MeV) the
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double-sided geometry has been proposed [Ka 79). This geometry is attractive
for maximum energies up to approximately 2.r> GeV.

For each design the

limiting energies result from the increasing mass of the sector magnets which
scale as E^ and increasing stringent conditions on the precision of the /Bdl
over the particle orbits required to insure good beam quality.

For higher

energies one must consider a higher order variant of the microtron geometry
such as the hexatron [Kh 82] shown at the bottom of Figure III-l.

The basic

features of multlsided microtrons derive directly from geometry once an rf
wavelength is chosen.

By using a six-sided configuration consisting of three

linac sections and three dispersive straight sections one can increase the
orbit separation in the dispersive straight sections compared to that possible
with the double-sided and racetrack configurations.

The smaller bend angle

per sector magnet and th<3 lower field in the hexagonal geometry can be more
easily accommodated with conventional magnet design.

But most important, the

orbit separation, 17 cm for an s-band microtron, is sufficiently large
compared to typical magnet gap heights, that one can incorporate shaped edges
in the sector magnet design and reduce the strong vertical defocussing forces
which would characterize the orbit geometry for a straight edge sector
magnet.

In this manner, one can eliminate the difficult orbit optics problems

which are widely believed to preclude construction of multi-sided systems.

If

one introduces this additional degree of freedom, i.e. linac number, into the
cost optimization eystematics of the microtron technology for GeV
accelerators, one finds that the total capital cost scales with energy
approximately linearly rather than with the dominant E J term which ha9 been
assumed until recently.
The basic configuration of GEM, the Argonne GeV Electron Microtsron
ehowii in Figure III-2 consists of a 185-MeV racetrack microtron which injects
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Figure III-2. Schematic of the Argonne National Laboratory h GeV
Electron Microtron - GEM. The accelerator is a six-sided microtron consisting
of three dispersive straight eections and three dispersion-free straight
sections in which three linace are located. Also shown is a 185 MeV racetrack
booster microtron which serves as an injector. The energy gain per linac is
35 MeV giving a gain of 105 MeV per turn. Three 100 uaop beams can be
extracted as indicated at the exit from dispersive straight sections. The
injection beam line between the booster and hexatron and placement of the
booster are not shown.

into a six-sided hexatron system.

The lengths of the three linac straight

sections and the maximum lengths of the dispersive straight sections are
approximately 28 meters.

The nominal maximum beam energy, 4 GeV, results from

operation of the sector magnets at a central field of one Tesla.

The energy

gain per turn will be 105 MeV and 36 1/3 turns will be required to reach
4 GeV.

Variable-energy extraction from 0.5 GeV to the maximum energy will be

accomplished by a technique of subharmonic modulation of individual beam
micropulses.
extracted.

Three beams with individually controlled energies will be
The energy spraad in each beam will be ~10

. The design

objective for beam current is 100 vamp per extracted beam with the option of
independent current control from zero to 100 yamp for each of the three
beams.

A current stability of 1-5 % will be necessary to make maximum use of

the 100% duty factor.

The design value at 4 GeV for the extracted beam radius

is 2 mm and for beam divergence is ±0.1 mr.
0.2 mm-mr.

The maximum beam emittance is

The accelerator will be designed to accelerate transversely

polarized electrons without significant depolarization.

2.

Accelerator Design
The basic components of the microtron include an electron gun,

chopper-buncher, a 23 MeV linac injector, a 23 - 185 MeV Racetrack Microtron
(RTM), an interstage phase space matching section, a subharmonic cavity, a
185 - 4000 MeV Six-Sided Microtron (hexatron), extraction systems, and various
transport lines. A plan view of the accelerator is shown in Figure III-2.
The electron energy at the outp<- . of the gun will be 100 keV.
be chopped and prebunched at 100 ceV.

The beam will

Independent current control for every

third bunch will be provided by transversely directing every third bunch
through Independent elite with a one-third eubharmonic deflecting structure.
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The 100 keV beam will be injected into a 2 MeV linac capture section which
will be followed by a 3 MeV preaccelerator section.

Acceleration to 23 MeV

will be accomplished by 8 sections of linac consisting of on-axis-coupled
structure.

The 23 MeV beam will be injected into the RTM and accelerated to

185 MeV in 27 revolutions with a 6 MeV gain per turn.
The hexatron will be built with three 35 MeV linacs and six 60°
sector bending magnets.

Each linac will use eleven 2.06 meter biperiodic rf

structures operated at 2.A GHz.

The beam optics in the hexatron will use a

quadrupole system that is mirror symmetric about the midpoint of the
dispersive straight sections.

Waists will be maintained at the midpoints of

the linac structures and midpoints of the dispersive straight sections
(see Figure III-2) and transport will be first-order achromatic from the exit
of one linac to the entrance of the next linac.
A longitudinal phase space matching section using bending magnets
and an rf cavity will be located between the exit of the RTM and the injection
point in the short straight section of the hexatron.

A one-third subharmonic

rf cavity will be located in the transport section between the RTM and the
hexatron to permit multiple energy extraction from the hexatron.

The one-

third subharmonic cavity will displace the energy of the first and third
bunches relative to the second so that extraction of individual bunches will
be possible because of the physical displacement during passage through the
dispersive straight sections of the hexatron due to the energy differences.
Final extraction will be accomplished by an electrostatic septum followed by a
magnetic septum.

The extraction septa will be moved between the orbits to

select the different energies for extraction.
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B.

1.

INJECTION SYSTEM

Performance
The performance for the injector is set by the design requirements

of the 4 GeV extracted beam m d has common points with the injector design for
the Los Alamos - NBS 185 MeV microtron [Pe 8 1 ] . A maximum electron current of
0.35 ma is required from the gun in order to provide three extracted beams of
100 uamp each.

The beam In every third bunch must be controllable from almost

0 to 100 uamp.

The extraction energy of the electron gun will be 100 keV.

The regulation on the extraction voltage must be ±0.1% for 0 to full load with
a possible ±10% line voltage variation.

Enittance at 100 keV must be within a

normalized emittance ellipse area of 4IT mm-mr for injection intc the linac
injector.

In addition to the CW mode of operation, a pulsed mod-: will be

required for tune-up and diagnostics.

The design requires a pulse that is

shorter than the time for the first complete revolution in the booster
microtron.

A pulse length of 0.06 usec has been chosen for that purpose.

The

design specifications for the emittance of the beam out of the linac injector
at 23 MeV are a transverse emittance area (unnormalized) of 0.2 TT mm-mr and a
longitudinal emittance area of 30 ir keV-degrees.

The transverse emittance

allows for 2.35 times dilution in acceleration to 23 MeV.

2.

Injector Components
The iijector components will consist of an electron gun, chopper,

independent intensity control system, 2 MeV B « 0.548 to 0.979 rf tapered
capture section, 3 MeV pre-accelerator, 18 MeV linac section, and the injector
beam transport system to the RTM.
the Injector components.

Figure III-3 shows the physical layout of
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Figure III-3. Physical layout of the injector components.

The electron gun design is based on the one selected by the NBS-Los
Alamos project.

A modulating anode will be used for control because of the

smaller attainable emittance compared to a gridded gun. The gun voltage will
be applied between a grounded final anode and the cathode so that control
variations on the modulating anode will not affect the beam energy. The
pulsing capability will be achieved in this design by locating the pulser in
the high voltage terminal.

The gun optics will be arranged to bring the

output beam to a waist of approximately 4 mm diameter at an accessible
location where the first lens, Lj, will be located.

A transverse emittance

limiting aperture, Aj, will also be located at the waist. A gun current of
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2.1 ma will be required after the aperture in order that the beam can be
chopped into ±30° segments of rf phase.
A one-half frequency subharmonic (1200 MHz), T M ^ Q mode transverse
deflecting cavity will be located immediately after the A^ aperture. The
combination of a transverse deflecting structure, drift length, and aperture
limiting slit will be used as a ±30° chopper.

The one-sixth of the beam that

survives will enter a prebuncher at the fundamental frequency of 2.4 GHz.
The displacement that will be provided by the T M ^ Q cavity is given
by [Ha 66,

^ >

?

^

^

x<.) - 44.3 x 10"4 (-^1) [0.6Vh/> ] .in -fiU
where

(III-l)

e U

s

=

distance from the end of the deflector to the aperture,

h

=

length of the cylindrical TM 11Q cavity,

PL =
Y =
XQ =>

power consumed by the cavity in watts,
M/MQ,

free space wavelength at the operating frequency of the
cavity,

3

=

normalized velocity of the electrons

All lengths are in meters.
The aperture, A2, will be adjusted to equal ±O.26x to obtain a ±30°
chopped beam assuming the beam width will be negligible.

The width of the

aperture will have to be reduced for beams of finite width.

The prebuncher, a

reentrant cavity operated at 2.4 GHz, will be located after the chopper
aperture. The electron energies will be modulated by less than ±1 kV to
minimize the effect on the longitudinal emittance.
than 30 watts of CW power.

The cavity will use less

The drift distance from the reentrant cavity to

the tapered capture section will be 1.0 meter.

This combination will reduce
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the angular spread from ±30° to ±5° at the entrance to the tapered capture
section.
The independent current control system will be designed to fit into
the 1.0 meter drift length. A deflecting cavity operating in the ™ n o mode
at the one-third subharmonic frequency of 800 MHz will be phased so that the
first of three bunches will receive a positive deflection, the second will
receive zero deflection, and the third will receive a negative deflection.
The length of the cavity will be adjusted to equal 3 G X Q , SO that three
parallel beams will result with a deflection, x, given by

x(m) = 41 x 10~ 4 -~^- [P L X 0 / 2 ] / 2 sin 120°

(III-2)

where the parameters are defined as in equation III-l.
Each of the three bunches will be separated by 1 cm for a value of
Pγ = 1750 watts. Each of the paths will have separately adjustable apertures
in the x and y directions allowing independent adjustment of the intensity of
each of the three bunches. An identical cavity will be located downstream of
the independent apertures.

It will be phased so that the displacements of the

individual bunches will cancel, placing all bunches back on the same
trajectory.

The difference in phase angle, A<f>, between the two cavities will

(l)fi

be IT - s— where s is the distance between cavities.
PC

A tapered capture section will be located at the end of the
prebuncher drift length.

The capture section will consist of two meters of

in-line rf structure [Sc 76, He 79] in which the lengths of the rf cavities
will increase smoothly to match the increasing velocity from 8 • 0.55 to 3 *
0.98, corresponding to an increase in energy from 100 keV to 2.0 MeV.

The

operating frequency will be 2.4 GHz. A final preaccelerator section will be
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located after the capture section.

There will be two one meter long rf

accelerator structures operating at 2.4 GHz. The first structure will be
designed for 3 = 0.985 and the second structure will be designed
for 3 = 0.995.

The final linac section which accelerates the beam to 23 MeV

will be eight 2.27 meter sections of 3 = 1.0 on-axis-coupled structure of the
type discussed in section III-D.3. The accelerating field will be 1.13 MeV/m
and the power dissipation from cavity losses will be 17 kW/m.

C.

1.

BOOSTER MICROTRON

Basic Parameters
The electron beam must be accelerated from the injection energy of

23 MeV to an extraction energy of 185 MeV in the booster microtron with a
minimum dilution of its transverse and longitudinal phase space. A
conventional racetrack configuration will be used for the booster system.

The

change in harmonic number per turn in the Racetrack Microtron (RTM) will be
equal to one.

This choice will provide the largest range of stable phase

angles and minimum requirements in phase stability.

To meet the RTM resonance

condition:

0.125 m,

(IH-3)

the energy gain per turn, AW • 6.0 MeV, and the magnetic field of the end
magnets, B, is 1.0 Tesla.
turns of acceleration.

The extraction energy of 185 MeV will require 27

The orbit radius of the injected beam will be 7.6 cm

and the radius of the final orbit, 61.6 cm.

The corresponding orbit

separation in the return path drift space will be 3.98 cm.

These parameters
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are summarized in Table III-l. A transverse beam emittance of 0.2 mm-rar and a
longitudinal emittance of 30 keV-deg has been assumed at the injection point
of the RTM.

The requirement of a final energy spread of AW/W * 10~* in the

circulating beam in the hexatron will impose no limitation on the operation of
the RTM.

The energy spread in the RTM will be 1/3 that of the hexatron for

beams of identical longitudinal emittance in the absence of dilution.

The

energy spread in the hexatron of a beam with a longitudinal emittance of
30 keV-deg will be ±90 keV.

This value will be within the limits of the

Table III-l. Racetrack Microtron Parameters

Injection energy

23 MeV

Extraction energy

185 MeV

Energy gain/turn

6 MeV

Number of recirculations

27

Magnetic field

1.005 T

Minimum orbit radius

7.6 cm

Maximum orbit radius

61.6 cm

Orbit separation
Rf wave length

3.98 cm
12.5 cm

Mode number

1

Accelerating field

1.4 MV/m

Synchronous phase
End magnet separation

20°
8.0 m
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current design, and will allow a sizable phase space dilution at higher
energies.

2.

End Magnet and Linac Design
A plan view of the booster RTM is presented in Figure III-4.

The

separation of the end magnets will be sufficient to accommodate a 4.6 meter
linac structure similar to those in the hexatron, and return paths containing
the necessary focusing and steering elements to give good beam transmission.
A distance of 8.0 meter is assumed in Figure IH-4. The possibility of a more
compact configuration will be studied.

The parameters of this design have

been chosen to correspond to the end magnet design planned for the NBS-LANL185 MeV microtron [De 81]. The width of the end magnets will be larger than
required for simple acceleration in order to accommodate the lateral
translation of the last return orbit so that the beam will make a complete
turn without rf acceleration.

This "drift orbit" will provide the

ANL-P-16,330
•8.00 mBEAM
Dl

DZ

01-04 STEERING
MAGNETS

Figure I11-4.

Booster microtron layout.
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longitudinal phase shear required for the matching of the extracted beam to
the hexatron.

The matching technique is described in section III-E.

Asymmetries in the overall guide field geometry will be prevented by
use of mirror image end magnets of identical design.

The NBS-LANL design (see

Figure III-5) which has been adopted for this proposal [De 81] is expected to
have a field uniformity of 2 x 10~ . Such a high precision will be necessary
to maintain the RTM resonance condition and minimize geometric aberrations.

A

relatively large gap height of 6 cm was chosen to minimize mid-plane field
fluctuations which are a source of dilution of the beam emittance.
incorporates Purcell filters to homogenize the field.

The design

A reverse field stripe

will be used to modify the fringe field behavior so as to ensure that the
dipoles appear as simple drift spaces in the non-bend plane optics. Any
necessary field trimming will be accomplished by use of pole face windings,
magnetic shimming, and modifications of the clamp geometry.

The use of shaped

pole edges as a means of providing better definition of the field edge and of
limiting differential saturation will also be explored.
±2 x 10

A field uniformity of

will limit the phase error to less than ~2° on each pass.

For a

synchronous phase angle of 4>s • 20° and an energy gain per turn of AW * 6 MeV,
the corresponding energy shift will be 70 keV.
The linac accelerating section will be a slightly lengthened version
of the on-axis-coupled meter waveguide described in the section III-D.3.

For

operation with an accelerating gradient of 1.4 MeV/m and a synchronous phase
of 20°, a structure length of 4.6 meters will be required.

The total rf power

required in the wave guide will be approximately 170 kW and will be supplied
from 4 TV 2075 klystrons.
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3.

Orbit Optics
Most of the microtrons built to date have been pmlsed accelerators

using high gradient rf linac sections [Er 79, Gr 81]. As a result the drift
distances between end magnets are relatively short and the requirements for
transverse focusing of the beam are easily met with simple optical systems.
The problem of transverse beam containment in a CW accelerator will be more
severe for several reasons. Much longer straight sections will be required to
accommodate the linac sections since only moderate gradients are acceptable
for continuous operation.

In addition the tune of the recirculation optics is

a crucial factor in determining the threshold for beam bresakup which arises
from the interactions of the beam with transverse rf modes of the accelerating
structure [Ra 81]. Beam breakup is unique to long pulse or continuous
operation.

To minimize its effect, it would appear that one could impose

strong focussing on the beam by means of quadrupole multiplets on the
microtron return paths tuned to minimize the beam displacement in the linac
sections.

In principle one should design the optics system to produce an

achromatic waist in the linac center.
We have designed the containment syttem to satisfy the desired
conditions with a matched (5 = 5.0 m in the linac center where 3
of the beam envelope at the waist.

is a measure

The 180° end magnets are assumed as hard-

edge devices with central field of 1.0 T.

This is effected by using a reverse

field stripe, as mentioned above. Without the stripe the edge focussing gives
rise to severe vertical defocussing - at 23 MeV the dipole appears as a
defocussing lens with 12.5 cm focal length.

Figure III-6(a) shows the dipole

field in the fringe region for a reverse field with B m i n « -0.16 B Q , where BQ
» 1.0 T, plotted as a function of gap widths. The lower figure shows the
energy dependence of the vertical focussing strength for several values of
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Figure III-6.
(a) Assumed form of
vertical field component
in the 180° dipole fringe
region measured outward in
units of full gap
heights.
(b) Effective focal
strength of dipole for the
indicated values of B.'min.
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l i z e the case for B m l n = -0.16 B Q and assume an effective P y «= 0

for the following treatment.

That is, the dipole just appears as a drift of

length PIT in the vertical plane optics where p is the radius of curvature in
the 1.0 T central field.
The transverse focussing in the RTM is obtained using five
quadrupoles on each return path and two weak vertical focussing singlets Q D on
the linac axis, as shown in Figure III-7: The optical system is mirror
symmetric about point 2, the midpoint of Q3. At points A and 2 the transverse
phase-space ellipses are upright.

In the design we used A/2 « 4.0 m, d «

3.4 a, and D^ - 0.5 m; the vertical focussing singlets QD have a strength of
0.3 m" 1 at 23 MeV. Quadrupole Ql produces a dispersion zero in Q2 (n - 0 ) ;
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Figure III-7. Plan view layout of the Booster Microtron showing
quadrupoles on the return paths and linac axis.

in Q3 we require n' • 0. A thin-lens program was written to solve
the equations of constraint - the strength and position of Q2 were varied so
as to produce the upright ellipses in Q3, giving PQ^ * I/D2 and PQJ * 2/D3.
The resulting energy dependence of the envelope functions, the (3
and B x , are shown in Figure III-8 at three selected locations in the return
path - the beam Is matched in the linac center with &„ * &„ » 5.0 m.
addition the beam is dispersion free in the linac.
are also shown in Figure II1-8.
dependence of the tunes v x •

In

The quadrupole strengths

Next we show in Figure II1-9(a) the energy

A^ X /2IT

and v » A^; /2n (i.e. the number of times

a particle will oscillate around the equilibrium orbit in each revolution)
where Aifi Iβ the change In betatron phase per turn A^ « /ds/6«

The v x increase

from 1.80 to 1.95 and v y decreases from 0.46 to 0.34 during electron
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Behavior of 0 and 3 X at
indicated locations on the RTM
return path vs. turn number;
(c) Quadrupole powers.
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acceleration from 23 to 185 MeV.

The maximum beam size per turn, (0e)*' , is

shown in Figure II1-9(b) - where the value for e was assumed to be 5/W(MeV)(in
mm-mr).

The maximum sizes shrink with increasing energy.
Horizontal steering magnet pairs at each end of the return paths

will be used to make corrections in orbit angle and position for errors
arising from misalignment or magnetic field variations. Vertical steering
corrections, presumably much weaker, will be msda as needed in a similar
fashion.

In the NBS RTM a range of adjustment of ±50 gauss on the highest
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energy orbit is sufficient to compensate end-magnet errors of ±2 x 10

.

Vertical corrections can he weaker by a factor of ~10, since only alignment
errors Bust be corrected.

4.

Injection and Beam Diagnostics
Injection into the RTM will be accomplished with little

deterioration in beam quality because of the high injection energy.
Heralnghaue fHe 76a] hae pointed out that fringe field defocussing effects in
end ehgnets limit the energy gain possible in a RTM with good beam quality.
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He suggests that a reasonable limit is a factor of ten.

In the present design

che gain will be ~8 and a simple scheme of direct displaced injection into an
end magnet and subsequent translation with correction dipoles into a correct
orbit will be possible with no significant loss of beam quality.

The scheme

is shown in Figure 111-10. Extraction *rill be accomplished in the same manner
as in the Aladdin microtron injector [Gr 81] for the University of Wisconsin
Synchrotron light source. A local magnet recess and field depression at the
position of the last orbit decreases the total deflection so that the beam
will exit the end magnet at about 10° to the normal return trajectory.
Stable operation of the booster system will require accurate
monitoring of beam intensity, transverse position, and bunch phase on the
linac line and on individual orbits in the return paths. We will study
techniques currently employed on the MAMI [He 76a] microtron, and those under
development for operation of the NBS-LANL microtron.

In these accelerators,

beam position will be monitored by means of non-intersecting rf resonance
cavities as outlined by Herminghaus [He 76a]. Operating experience with the
Mainz and NBS systems will serve as a guide as to the need for monitors on the
return paths.

Position monitoring at the entrance and exit to the linac on

the 14 MeV, 20 turn microtron, MAMI I, has provided sufficient control for
routine operation to date.

Current and phase will be measured by using

similar non-intercepting rf techniques.
Accurate measurements of beam emittance will be more difficult
because of the high quality of the microtron beams. At points in the
microtron where the beam is sufficiently divergent, emittance measurement will
be considered through the use of high speed wire scanners. With current
techniques such measurements are possible with a special resolution of about
0.1 mm.
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D.

1.

Booster microtron injection detail.

DESIGN OF THE HEXATRON MICROTRON

Coherence Conditions
The microtron coherence condition requires that the time taken by an

electron to travel along a trajectory from linac exit to linac entrance be an
integral multiple of the rf field period.

For the hexatron this requirement

can be written in the form [Kh 82]:

2(7r/3-sinir/3)W

1
y

l,iX
(III-8)

2(Tr/3-simi/3)AW .

iSE

vX

+

i -

1,2,3
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where the Index, 1, refers to the first, second, or third superperiod on the
nth orbit whose energy is given by W n i .

The other parameters are:

c =

velocity of light

e =

electrical charge of the electron

B =

magnetic field of bending magnets

S^ =

orbit length from exit of i

linac to entrance of next linac

in the limit of vanishing electron energy
3nl =
=

normalized electron velocity after the i t h linac on n t n turn
harmonic number for the i

orbit between linacs on the n

turn
X =

free space wavelength at the fundamental frequency

v =

mode number

In the approximation that 3 = l> the second equation reduces to the familiar
coherence condition for the hexatron:

2(«/3-al«nr/3)AW .
eBc

vX

where AW is the energy gain per turn. Eq. III-9 is equivalent to the
requirement that successive orbits increase in length by v rf wavelengths.
The Argonne design will be characterized by the parameters

hi " \l~ 3" " M13~ I * 250,

X

* °' 1 2 5m» B * l«015T, v - 1 and AW « 105 MeV.

The long straight sections in which the linacs are located will be 28.00 m in
length.

The phase of the rf in each of the linacs will be adjusted to

accommodate the path length difference in the successive superperiods of each
full orbit arising from the corresponding 35 MeV energy difference.

The

linacs will be constructed of eleven accelerating structures each 2.06 meters
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long with 0.25 meter separations.

The short straight sections between the

sector magnets will be a minimum of 5.26 meters and a maximum of 26.98 meters,
allowing space for the lenses and other elements necessary for operation of
the machine.
The stable synchronous phase region of the hexatron extends over rf
phase angles from 0 to arctan (6/irv), which corresponds to 0 to 62.4 deg in
the design presented here. The ellipses which characterize particle motion in
longitudinal phase space are upright in the middle of the linacs and in the
dispersive drift spaces between the sector magnets. The energy spread of the
beam is given by

tan (j>
,
5Wmax = //, r,
AW Sdmax
(dispersive s e c t i o n ) :
ir
,
i
6tr(l - -j- tan^) J
,

J
tend (1
(1 -I | tan*
tan*J
67i

where

5W oax =

(111-10)
AWS

max

(center of the linac)

maximum energy deviation from the synchronous energy for bunch
motion in <5W6<|> space for which the corresponding maximum phase
difference from <j>s is 8* max

4»s »

phase stable angle

For the design values $ s = 18°, AW * 105 MeV, and for a phase space area of
30 IT keV-deg the maximum energy, angular spreads will be ±90 keV, ±0.34 deg in
the dispersive sectors and ±81 keV, ±0.37 deg at the linac centers (see Figure
111-33).

The basic parameters of the design are tabulated in Table III-2.
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Table III-2. ANL Hexati A Design Parameters

Maximum Energy

4000 MeV

Injection Energy

185 MeV

Current

300 pA

Energy Spread, AE/E

- 10"4

Beam emittance

< 0.2 mm-mr

Magnetic Field

1.015 T

Maximum Orbit Radius

13.145 m

Minimum Orbit Radius

0.608 m

Energy Gain Per Turn

105 MeV

Rf Wavelength

0.125 m

Mode Number, v
Synchronous Phase
Longitudinal Stability Limit
Ave. Accelerating Field
Energy Gain Per Linac

1
18° (ve « 0.4)
62.4°
1.46 MV/m
35 MeV

Number of Linacs

3

Length of LInacs

25 m

Shunt Impedance, ZT

75 Mft/m

Rf Power Losses

2.30 MW

Length of LSS

28 m

Length of DSS for E e » 0

28 m

Minimum Length of DSS
Orbit Separation in DSS
Orbit Length Increase Per Turn
Maximum Number of Recirculations

LSS * Linac Straight Section
DSS * Dispersive Straight Section

5.26 m
0.1725 m
3X - 0.375 m
109/3
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2.

Sector Magnets
One of the major challenges of the hexatron concept was the design

of the sector magnets which provide guide fields with the required profile,
precision, and stability.

In a design of a six-sided system using

conventional straight edge magnets, the entrance and exit angles for each
orbit relative to the normal field boundary are 60°.

It is extremely

difficult to compensate for the strong vertical defocussing forces resulting
from these oblique trajectories, particularly on the low energy orbits. To
avoid this problem the Argonne design incorporates shaped edges at the
entrance and exit of each 60° sector magnet for low energy orbits. The edges
are shaped as required to provide a magnetic field with the necessary optical
properties to insure containment for each beam orbit.

This was regarded as

the most critical aspect of the magnet design and is intimately related to the
beam orbit optics which are addressed in the section III-D.5 of this report.
Preliminary designs are discussed below.
The drawing in Figure III-ll shows a preliminary design for one of
the six sector magnets and shows some of the overall dimensions.

The design

values of the central magnetic field strength, the maximum electron energy,
and the 60° orbit bend angle, determine the overall dimensions of the field
region.

The smallest possible magnet gap height is desirable to provide the

hardest possible field edge profile. A minimum useable gap of 3.0 cm is
required for the beam envelope, beam tuning and possible orbit errors. The
vacuum chamber and pole face windings require at least 1 cm of gap height per
pole.

An additional 1 cm was provided for construction tolerances, and design

clearances.

A resulting total gap height of 6 cm has been chosen for the

sector magnetsr

For reasons of mechanical stability and good field uniformity

the pole thickness was set at 19 cm, but this may be changed during future

.84 H
UAX. POLE

SECTION " A - Α

O

•O"

*

-J

VIEWC"

8ECTI0N "0-0"

Figure III-ll. Preliminary design of a hexatron sector magnet showing
the locations of sections "A-A" and "D-D" and views "B" and "C".
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optimizations.

The pole tips will be machined from SAE 1010, "Lectrefine",

annealled steel with parallelism and flatness tolerances to be within
0.05 mm.

Tolerances within this limit have have been shown to be feasible by

the actual construction of a 19 cm thick pole piece that was 6.2 m long and
1.4 wide.

The main excitation coil was designed to generate a magnetic field

of 1.1 times the nominal operating value of 1.015 T.

The important parameters

for the sector magnet core and main coil designs are listed in Table III-3.
The basic geometry along the chord of the sector magnet edge is
shown in Figure 111-12 with plane and isometric views of the edge of the
magnet in the region lettered B in Figure 111-11.

The pole edge contains

steps for 14 orbits on the low energy end of the chord and is straight at the
high energy end.

The angles of the steps with respect to the corresponding

beam orbit may be adjusted as required to optimize the optical properties.
Also shown in Figure 111-12 are the main coil and the magnetic end guard,
which wraps around this coil and ends at a point 5 cm from the edge of the
pole.

The tips of the steps are shown in Figure 111-12 to overhang the main

coil.

The base of each step overhang is positioned 1 cm outside of the

location of the extension of the straight edge at the high energy end of the
magnet.

Calculations of the field edge shape along the straight, high energy

end of the magnet were done using TRIM.
leaving the end guard to be estimated.

The results permitted the flux
It was assumed that all of this flux

plus all of the gap flux of the step overhang enter the step overhang and must
exit through its base. A limit of 1.5 T for the flux density of the base of
the step requires that the step overhang be 4.5 cm thick. More 2 and 3-D
calculations in the future and possible verifications by field measurements of
a model magnet may require adjustments in the amount of overhang and the
overhang thickness in the final design.

View C in
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Table III-3.

I.

Sector Magnet Parameters

Core
Chord Length of Gap
Maximum Pole Depth
Out^r Radius of Gap
Gap Height
Purcell Gap Height
Nominal Field Strength
Pole Piece Thickness
Mass of 2 Pole Pieces
Mass of Yoke

II.

13.4 m
1.84 m
13.22 m
6.0 cm
0.3 cm
1.0J.5 T
19.0 cm
52.0 Tons
621.0 Tons

Coils
Main
Conductor Material
Conductor Size
Coil Size per Pole
Number of Turns (2 in parallel)
Maximum Supply Current
Voltage
Power
Coolant
Coolant Flow
Conductor Mass

III.

Purcell Coil

Hollow Copper
12 mm x 12 mm x 6 mm
107 mm x 136 mm
28 mm x 54 mm
40.0
6.0
700 A
130.0 V
13.0 V
91.0 kW
9.0 kW
Water
20.0 gpm
2.0 gpm
4500.0 kg
450.0 kg

Pole Face Correction Coils
4.0 GeV
Orbit
Total Length of Coil
Conductor Material
Conductor Size
Coil Minimum Size Per Pole
Minimum Number of Turns
Maximum Supply Current
Maximum Total Voltage
Maximum Power
Coolant
Coolant Flow
Conductor Mass

3.4 m
4.1

10.0
2.0
0.4
3.0

0.29 GeV
Orbit

0.3 m
Hollow Copper
mm x 4.1 mm x 2.4 mm
6.0 mm x 10 mm
4
200 A
V
1.1 V
kW
0.2 kW
Water
gpm
1.4 gpm
kg
0.3 kg
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ISOMETRIC OF VIEW

H

B-B" OF FIG. I E - I

(ONLY POLE PIECES ARE SHADED)

TOP YOKE
PURCELL GAP COIL

PURCELL GAP

TOP
POLE PIECE
MAIN COIL
BOTTOM YOKE

MAIN GAP

BOTTOM POLE PIECE
MAIN COIL

BOTTOM
POLE PIECE
MAIN COIL
PURCELL GAP COIL

BOTTOM YOKE NOT SHOWN

END GUARD

VIEW "B-B" OF FIG. IllFigure 111-12. Plane view "B-B" in Figure III-ll and an isometric
representation of the area of the chord edge of the sector magnet where the
stepped edge profile changes to the straight edge. Magnetic shims at the pole
edges and shield plates at the end guard edges are not shown here.

Figure III-ll is enlarged in Figure 111-13 and shows more of the details of the
high energy edge of a sector magnet.
The design goal for the uniformity in the integral of the magnetic
field along each beam orbit is one part in 10 .

Fluctuations in this integral

from one orbit to another of this value will induce synchrotron oscillations with
maximum amplitudes measured relative to beam energy of 10" . Two major factors
contribute to these fluctuations. The first is errors in the central field

Ill

0.3 CM PURCELL I

//. /A
Figure 111-13.
Enlargement
of View "C" of Figure III-ll
showing a section through the
chord edge of a sector magnet in
the high energy end. Minor nonmagnetic support structures are
not shown.

strength and the second is the softness of the field edge.

The first area has

been studied using a double precision version of the computer program, TRIM,
for calculating the magnetic fields in an average section of a sector magnet
(see section A-A in Figure III-ll).

The field lines in the upper half section

of the magnet are shown in Figure III-14(a) for a typical calculation using a
B-H Table for 1010 steel.

These calculations show an uncorrected central

field variation of 5 x 10" .

By incorporating a 0.3 cm thick, parallel
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Figure 111-14. Results of TRIM calculations for an average radial
section (section "A-A" in Figure III-ll) through the sector magnet.
a)

Field lines in the upper half section using 1010 steel. A 0.3 cm
thick Purcell gap is shown.

b)

Plots of TRIM results of B/BQ in the midplane across the pole
extending from 128.5 cm to 2/8.5 cm. B,0
1.015 T.
Shaded strip covers a range of ± .01%.
(Solid) - no Purcell gap or Purcell coil.
(Dashed) - includes a Puicell gap and Purcell coil carrying
0.13 NI where NI > 28413 ampere turns.
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homogenizing gap, i.e. a "Purcell Filter" into the magnet design, as shown in
Figure 111-13 and Figure III-14(a), this variation can be reduced to about one
part in 10 .

The Purcell gap is located outside of the end guard and has a

separate coil driving it.

This coil is connected in series with the main coil

but can be independently adjusted over a small range of currents to minimize
the flux leakage from the end guard.

The Purcell and main coils shown in

Figure 111-14 have currents in the same direction, thus aiding each other to
produce the central field.

The field in the end guard due to the main coil,

however, is partially canceled by the field due to Purcell coil, thus keeping
the end guard from saturating.

Calculations using TRIM have been done for

various ratios of current in these two coils and using 1010 steel.

The flux

density in the end guard was found to be far under saturation for the final
ratio chosen.

The remaining small fields beyond the end guard structure can

be reduced if necessary by installing coils to locally drive the yoke or by
placing magnetic shields around the beam pipes.

The important design

parameters for the Purcell coil are shown in Table II1-3.

In Figure III-14(b)

the relative field values across the pole are plotted for the TRIM
calculations using the basic pole tip and end guard geometry with and without
a 0.30 cm Purcell gap and coil.

To provide additional means of flattening the

central field, steel shims will be inserted into the magnet gap and Purcell
gap near the pole edges .
In an ideal sector magnet the quantity, As/Ap, where s is the path
length along the beam orbit and p the orbit radius, is a constant, independent
of particle momentum.

The existence of "long tail" fringe fields in a soft

field edge produce a variable dispersion which, at low energies, can make it
difficult to fulfill the coherence condition with a simple orbit geometry.
These effects are minimized by hardening the field edges as much as

1 LA

possible.

This hardening is accomplished by installing steel shims and

shielding plates on the pole faces and end guard edges shown in Figure
111-15.

It is also necessary to insure that the effective field boundary

closely follows the desired pole edge shape. This is important if the
vertical defocussing effects are to be minimized.
In the Argonne design the field profile at the magnet edge is
hardened by the use of magnetic shins along the pole edge and on the inner
edge of the end guard as shown in Figure IH-15(a) Section "B-β."

Magnetic

shields are placed between the upper and lower end guards in the regions where
the step edges run parallel to the neighboring beam orbits.

This attenuates

the leakage field along the external orbits in the dispersive straight
sections.

Three dimensional magnetostatic field calculations incorporating

only infinite permeability steel elements have been carried out for the design
geometry shown in Figure 111-15.
Figure III-15(b).

The resulting field contours are shown in

The effective field boundary was found to be normal to the

orbit trajectory to within ~ 2°; therefore, the vertical defocusing is
negligible for those orbits where stepped edges are employed.

The effects of

the shielding plates on the flux densities in the end guard structure were
investigated with calculations using the code, TRIM, and 1010 steel.

These

showed that the magnetic fields in the end guard and shield plates are still
well under saturation with the chosen current distribution for the two
coils.

A further indication of the hardness of the edge obtained for this 3-D

calculation Is shown In Figure 111-16 where the field profile along the
particle orbit is compared to the short-tail Enge edge, for which beam
containment has been demonstrated*

A 3-D, magnetostatic code, TOSCA,

incorporating steel elements with finite permeability, has just become
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Figure 111-15. Three dimensional magnetostatic field calculations.
a) Schematic of pole tip geometry with vertical sections perpendicular to
pole edge shown.
b) Plots of the field contours for values at 0.052 and 0.9952 and between 5X
and 95% of the central field value of 1.015 T. Contours are shown on the same
scale as used in Figure III-15(a).
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operational at Argonne.

It will be used along with the infinite permeable

code, capable of finer detail, and TRIM to optimize the magnet design.
Additional field corrections will be supplied as required by
additional passive and active elements. The passive corrections are mostly in
the form of small steel shims installed along the beam paths and correct some
of the multipole field errors. These shims as well as the ones mentioned
above are installed into the vacuum chamber upper and lower walls and adjusted
after the sector magnet assembly is completed and some field measurements have
been taken.

Active correction elements are pole face coils centered on the

nominal paths of the beam orbits inside the sector magnets.

These coils

extend over 15° of orbit path length and have an inside width of 7.2 cm and a
conductor section width of 1 cm. These coils provide maximum corrections of
0.25% to the integral field strengths along the beam orbits and provide a
radial field profile that is flat to dtl% over a 1 cm wide radial area centered
on the nominal beam orbit.

The important parameters of the largest and

smallest pole face coils are included in Table III-3.
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All sector magnets will be demagnetized as the Initital operating
step.

When they are being energized and normally deenergized the rate of

current change, di/dt, will be controlled via a feedback loop from the magnet
current to the dc power supply.

Once the operating field of 1.015 T has been

reached, it will be maintained with a feedback loop from a nuclear magnetic
resonance (NMR) probe to the dc power supply.

Relatively straightforward

engineering techniques will be used to investigate the effects of temperature
variations and of small shifts in the magnet support structure on the
stability of the field profiles.

3.

Hexatron Rf System
High rf efficiency is one of the primary requirements governing the

choice of accelerating structure for the hexatron.

Various geometries for

cavity structures characterized by high shunt impedance have been investigated
because of their potential improved efficiency.

The most successful of these

is the side-coupled cavity geometry [Kn 68] developed at Los Alamos National
Laboratory for the LAMPF accelerator.

The optimization of this geometry led

to a clear advance in conversion efficiency of rf to beam power. More
recently two designs, the on-axis coupled structure [Sc 77] and the Andreev
disc and washer structure [An 72] have been studied extensively.

The disc and

washer structure shows promise for attaining the highest shunt impedances.
Unfortunately, the LANL group recently has uncovered serious problems with
HEMjiQ-like deflecting modes which probably preclude its application to long
electron accelerators. These rf modes (see Appendix A) are responsible for
regenerative beam breakup which limits the current that can be accelerated in
a recirculating machine.
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The on-axis coupled structure is shown in cross section in
Figure 111-17.

This geometry has several advantages which make it an

attractive choice for the hexatron.

Fabricatic\ is simplified because of the

coaxial geometry and because the coupling cavities are in-line the overall
radius of the structure is less than other geometries.

Excitation of

transverse deflecting modes can be suppressed by splitting the resonance
frequencies for HEM^Q-like modes.

This is accomplished by rotating [Sc 79]

the coupling slots which connect adjacent cavities. These reasons have led
the Mainz group to choose the on-axis coupled geometry for the MAMI system of
cascaded microtrons and are the basis for our decision to use it for the
accelerating structures of the injection linacs and the RTM.
The frequency of the cavity design for the hexatron will be f =
2.4 GHz with g=1. An effective shunt impedance (ZT2) of 75 M£3/meter with a
1.2 cm beam aperture is expected on the basis of measurements of existing side

ON AXIS COUPLED

Figure 111-17. Design options
for cavity structure in hexatron
linacs.

^COUPLING
CAVITY

SIDE COUPLED

COUPLING
SLOT
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coupled [Yo 82] and on-axis-coupled [Sc 76] structures.

The structure will be

operated at a gradient of 1.62 MeV/m with a synchronous phase <|>s = 18°
resulting in an accelerating field of 1.54 MeV/m.

The rf power input will be

35.2 kW/m for the accelerating fields and 16.8 kW/m for beam loading.

The

power dissipation of 35.2 kW/m or 2.1 kW per cavity is relatively high and
there is concern that even with maximum possible water cooling in the
periphery of the beam aperture the on-axis-coupled cavity structure might
detune.

That is, as a result of thermal deformation the frequencies of the

main cavity and the coupling cavity may separate.

The side coupled cavity

structure shown in Figure 111-17 is easier to cool and because of its geometry
will not detune at this rf power, but it has the disadvantage of lower
coupling.

Although this structure meets our requirements for the hexatron

linacs, we plan to defer a final choice pending the results of an engineering
study of both structures.
The accelerating structures for the hexatron linac will be built in
2.06 meter sections and there will be eleven sections per linac.

The 5 to 10%

coupling factor of the on-axis-coupled cavities and the 4.7% of the sidecoupled cavities are considered adequate for this length.

Power will be fed

into the center of the structure through an rf coupler connected by flanges to
two 1.03 meter sections.

The geometry of the present design will permit the

addition of 2 cells per linac section to decrease the accelerating gradient if
that should prove necessary to reduce the power dissipation in the wave
guide.

A final choice will be made when detailed parameters for the cavities

under measurement are completed and rf power tests are performed.
Rf power at f » 2.4 GHz will be provided by CW klystrons. At least
one Thomson C.S.F. TV 2075 is presently available and operating in the Mainz
microtron, MAMI-I, and in many industrial applications.

It delivers a
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minimum of 50 kW of rf power and Its operating efficiency Is 62%. The
hexatron linacs will use 22 TV 2075 klystrons each for a total of 66. Two
klystrons In parallel will be coupled directly to each 2.06 m wave guide
section.
used.

No recirculators or high power mechanical phase shifters will be

The total rf power required will be 3,950 kW including 400 kW for the

injector and 200 kW for the RTM.

A total of 78 klystrons will be used

requiring 6.3 MW of dc power at 25 kV.
to 10

Three phase rectifier units regulated

will provide the power for the klystrons. The power supplies will

have a crowbar and appropriate switch gear capable of shorting the output
within 50 usec.

Two klystrons in parallel will supply each 2.06 meter section

in the hexatron linac directly coupled through e combiner as shown in Figure
111-18.

A feedback loop to one klystron in each section will automatically

maintain a constant accelerating field.
shifters will be used.

No high power mechanical phase

The phase of the individual rf sections will be

controlled to within one degree with the closed feedback system shown in
Figure 111-19 by controlling the phase of the drive.

4.

Multiple Energy Extraction from the Hexatron
a.

Description of method
One of the inherent features of microtrons is the ease with which

the beam can be extracted with a negligible deterioration of beam quality.
This is possible because beams of different energies occupy different orbits
in the dispersive straight sections.
straight sections.)

(The hexatron has three dispersive

Insertion of a modest field deflection magnet on any
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energy orbit in any dispersive straight section will cause a displacement of
the beam after passing through the next sector magnet in the next linac
straight section.

A septum magnet placed downstream of the sector magnet and

upstream of the linac will further deflect the displaced beam to miss the
linac.

Extraction is possible from any orbit.
The versatility of the microtron can be enhanced if the circulating

beam can be split so that selected fractions can be extracted on specific
orbits.
realized.

In this manner, simultaneous extraction at multiple energies can be
In the Argonne design this will be accomplished by inducing an

energy structure on the micropulse train.

Because the different energy pulses

will be horizontally separated in the dispersive straight sections, septum
deflectors can be used to extract specific fractions of the beam on given
orbits.
The energy structure can be imposed by subharmonic modulation of the
individual micropulses prior to injection into the microtron.
design, three separate energy beams will be extracted.

Li the Argonne

A 1/3 subharmonic

cavity operating at 800 MHz will be located in the beam line between the RTM
and the hexatron.

The rf phase of the cavity will be adjusted to give three

sets of bunches A, B, and C with energies W^ + 6W^, W^, and W^ - 6V7i,
respectively.

The upper drawing of Figure 111-20 shows the location of these

bunches relative to the linac and subharmonic cavity phases.

The beam will be

injected into the lowest energy dispersive section through a system of
quadrupoles and dipoles (see section III-E.3) designed to produce a shear of
6 ^ » - 0.4332 eWj/MeV.

Therefore, each of the pulses A, B, and C will be

injected with phase angles <pA + 6 ^ , <j>£, <t>1 - 6^, respectively.
As the micropulses circulate in the hexatron the bunches A and C
will oscillate about the bunches B and occupy positions on an ellipse
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Figure 111-20. Generation of bunchto-bunch energy differernces for
multiple energy extraction with a
one-third frequency subharmonic
cavity.

PHASE OF BUNCHES IN SUBHARMONIC FIELO

SCHEMATIC

LONGITUDINAL PHASE SPACE DIAGRAM

described by the equation

gso 6W2 + 2as

+ YOs<5*2 = R 2

-4
where (Bg, ccg, y g ) are the longitudinal phase space Twiss parameters having
known design values at every position on every orbit, and 7rR£ is the area of
the ellipse.

In particular, in the dispersive straight sections a_ = 0 and

the ellipse equation becomes

(111-12)

Using a normalized coordinate system the bunches A and C occupy positions on a
circle of radius R with bunch B at the center.

This is shown by the lower
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drawing in Figure 111-20.

From one dispersive section to the next the bunches

2iTVg

rotate by an angle ag = — = — defined by the relation

cosa

= 1 - 1 tan* .
S

J

(111-13)

S

where <j>_ is the synchronous phase angle defined by
9

AW = 3 V
o

cos d>
s

where AW is the energy gain per turn and VQ is the peak voltage on the
linacs.

Within limits, V. can be used to adjust a_ such that at the desired
9

\J

extraction energies the bunches A, B, C will be lined up along the 6W axis.
The design value of <t>g for the hexatron is 18° which gives a g = 48.7° (vg =
0.406) and 3g = 0.0661/MeV in the dispersive straight sections.
2
The voltage required in the subharmonic cavity (= — 6W.) is
/3
*
determined by <$W
, the maximum energy separation required in the dispersive
straight section for extraction. One has

fi 2

s

W
= R2 - B 6W2 + ~^~
max
s

(111-14)

6W
- 0.1508

for $ e - 18°.
The value of <SWmax is determined by the horizontal separation
required for extraction at energy E.

If n(W) is the dispersion function at

the septum deflector, the separation is given by

^ - 6W
- 2(H + D) + S
v
W
max

(111-15)
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In this equation H, the radius of the beam envelope, is given by

(111-16)

where £ x is the horizontal Twiss parameter at the septum and e x is the
horizontal transverse phase space emittance; D^ the beam spread due to energy
dispersion, is

D

" ^W> ^

" "W

where 5W is the energy spread in the beam, ire is the longitudinal phase space
s
area and $„ has already been defined;

S is the septum width plus uncorrected

orbit distortions at the septum position.
Without synchrotron radiation e x should damp as W - 1 and e
remain constant.

should

Under these conditions and if n(W) is proportional to W (as

it is at both ends of the dispersive straight sections) 6W_e,_ would be
determined by the lowest of the three extraction energies.

In fact, however,

e v damps at first and then increases with a term proportional to W

due to

synchrotron radiation (see Appendix B ) . Also because of synchrotron radiation
e

increases with a terra proportional to W •

Moreover, at the desired septum

location n(W) decreases with W in the hexatron design (see Figure I11-28).
For all of these reasons $W m a x is determined by the intermediate extraction
energy, W = E.
The value of 5Wfflax will be limited by the horizontal beam dispersion
generated at low energy by the energy modulation of the micropulses.

If n(W^)

(Wj < W) is the maximum value af the dispersion function in a dispersive
straight section on orbit W^, the maximum displacement of the pulses is given by

126

w

n(W)

max

(111-17)

(2H + 2D + S)

As shown by curves A and B in Figure 111-21, n(W^)/W1 at low energies Wj^ near
injection can be a factor of 10 larger than n(W)/W at large extraction
energies W.

The decrease of n(W)/W at the septum location (curve B) plus the

increase in both H and D with energy means that the low energy quadrupole
apertures will place an upper limit on the intermediate extraction energy.
Since the beam is injected with 6W = 0.15 <$Wmax and rotates in longitudinal
phase space by 48.7° between each dispersive straight section the limiting
aperture will occur at 220 MeV where n(W)/W (maximum value) = 14.9 m/GeV.
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Figure 111-21. Dispersion/energy as a function of energy. Maximum
displacement at W » Ej of induced energy oscillations required for extraction
at W • E 2 is A(E|)/B(E2) times the displacement at E2>

127

To make <5U

as small as possible, a thin electrostatic septum will

be used for the initial separation of the extracted pulses.

This septum will

be placed just upstream of the center quadrupole where n is near its
maximum.

The pulses to be extracted must be further deflected by a septum

magnet located at the downstream end of the dispersive section.

This will

provide enough deflection for the beam to be extracted in the linac straight
section.

The phase advance between these two deflecting systems is near 90°

over most of the energy region between 1.7 and 3.5 GeV, as should be the case
for minimum voltage requirement on the electrostatic deflector.

At the same

time, &v is small at the electrostatic deflector and decreases as the energy
increases.

This further limits the required value of <$W

increase the voltage requirements on the deflectrr.

but tends to

However, as shown below,

practical limits on <SW_ax and the low energy quadrupole apertures determine
the maximum intermediate extraction energy.

The displacement required at the

septum magnet depends on the beam size at that location (larger than at the
electrostatic deflector), the width of the septum, and the orbit errors at
that location.

b.

The magnetic septum field requirements are small (<800 Gin).

Assumptions Used in Design Calculations
This analysis of the multiple energy extraction requirements is

based on the following assumptions.

1)

The beam quality ( F X ) at 185 MeV, after allowing for a factor of 2
dilution in the RTM, is expected to be about 0.05 mm-mr.

The value should

damp as W~ , but quadrupole gradient errors in the hexatron can be
expected to produce about another factor of 2 dilution before reaching the
intermediate deflection energy.

Furthermore, synchrotron radiation in the
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sector magnets produces an increase in the beam quality that is expected
to go as O.OOO77 &r mm-tnr/GeV^.

For the estimate of e x therefore the

expression

= [0,^185 + O.OOO77 WAj mm-mr (W in GeV)

e
X

has been used.

2)

(111-18)

W

This equation has a minimum of 0.016 mm-mr at 1.43 GeV.

Monte Carlo calculations (to be published) discussed in Appendix B, which
follow individual electrons through the complete acceleration cycle, show
that synchrotron radiation makes a contribution to the 90% longitudinal
phase space area (divided by IT) of 0.4 W 6 keV-deg where E is in GeV.
Assuming 30 keV degrees at injection the longitudinal phase space quality
can be represented by

e

= (30 + 0.4 W 6 ) keV-deg (W in GeV)

(111-19)

8

As the beam grows the calculations show that the area distribution remains
exponential so that e for 99% of the beam is a factor of 2 larger.
s
To keep 6W max as small as possible the 90% expression has been
used for determining the energy spread contribution to the beam size at
the electrostatic deflector.

This gives about 98% of eacn pulse extracted

with about 1.5% continuing to circulate and 0.5% lost on the 0.05 mm
diameter wires of the septum [An 74]. The energy loss per septum wire is
about 0.12 watts.
area has been used.

For the energy spread at the magnetic septum the 99%
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3)

The electrostatic septum effective width is about 0.2 mm.

Special care

will be taken to correct orbit errors at the electrostatic septum.

The

total contribution of orbit errors and septum thickness (S in equation
111-15) is assumed to be 0.6 mm.

At the magnetic septum the value of 4 mm

has been used to include septum thickness and orbit errors.

c.

Results
The results of the calculations for 6W__

and the aperture

requirement at 220 MeV using the above assumptions are shown in Figure
111-22.

The increase of the WS/n (S = 0.6 mm) contribution to 6W m o v with W

has already been shown in Figure 111-21.

The increase of the betatron

oscillation contribution to 5W max also includes this factor.

The synchrotron
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Figure 111-22. Maximum energy displacement <$Wmax (and
corresponding horizontal displacement at 220 MeV) required for
extaction of beam at energy E
26E - dispersion in the beam.
2H - width of horizontal oetatron oscillation
S - septum thickness plus orbit error (0.6 mm total)

Tabie i l l 4.

Electrostatic Septum Details (Length I a)

Beam
Width

'Vx

HeV

10

GcV

Field

MV/B

0.99

0.73

0.0194

0.119

4.48

0.0905

0.406

1.05

0.362

1.62

1.62

1.2

1.11

0.0170

0.137

5.52

0.0756

0.418

1.11

0.372

1.27

1.52

1.41

1.56

0.0162

0.159

6.45

0.0664

0.441

1.20

0.382

1.03

1.45

1.62

2.12

0.0167

1.88

7.81

0.0612

0.478

1.33

0.401

0.87

1.40

1.6SS

4.73

0.0170

0.283

11.92

0.0607

0.724

2.01

0.363

0.58

.95

1.795

4.35

0.0183

0.282

11.50

0.0596

0.686

1.94

0.396

0.61

1.09

0.0598

0.671

1.91

0-425

0.64

1.21

1.91

0.459

0.67

1.35

1.9

4.09

0.0198

0.284

11.22

2.005

3.86

0.0217

0.289

10.94

0.0607

0.664

2.11

3.63

0.0240

0.295

10.66

0.0622

0.664

1.92

0.498

0.71

1.50

2.32

2.99

0.0303

0.301

9.72

0.0673

0.654

1.91

0.599

0.78

1.81

2.53

2.47

0.0389

0.310

8.85

0.0746

0.660

1.94

0.726

0.87

2.21

2.74

2.04

0.0502

0.320

8.00

0.0837

0.669

1.98

0-884

0.99

2.70

2.95

1.71

0.0646

0.332

7.16

0.0944

0.676

2.C2

1.077

1.12

3.30

3.16

1.46

0.0826

0.347

6.36

0.1064

0.677

2.05

1.316

1.27

4.01
4.86

3.37

1.32

0.1048

0.372

5.59

O.U97

0.669

2.08

1.616

1.44

3.475

1.30

0.1176

0.390

5.22

0.1267

0.661

2.10

1.800

1.52

5.29

3.51

1.30

0.1222

0.398

5.09

0.1291

0.658

2.11

1.869

1.55

5.43

3.545

1.31

0.1268

0.407

4.97

0.1316

0.654

2.12

1.941

1.57

5.57

3.58

1.27

0.1316

0.410

5.21

0.1341

0.069

2.22

1.936

1.67

5.98

3.615

1.27

0.1366

0.417

S.09

0.1366

0.695

2.22

2.006

1.70

6.16

3.65

1.28

0.1417

0.426

4.98

0.1391

0.692

2.24

2.0B0

1.74

6.34

3.685

1.29

0.1470

0.435

4.87

0.1417

0.689

2.25

2.157

1.77

6.52

3.72

1.30

0.1524

0.445

4.76

0.1442

0.686

2.26

2.239

1.80

6.70

o
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Table III-5.

W

$

/& e

Magnetic Septum Details (Length 0.5 a)

o

r>^

x x

GfiV

D

lWHi

IB

SBO

Beam
Width

66**

Field

Hint

IDF

G

0.99

12.66

0.496

1.93

0.247

1.49

5.42

358

1.2

14.16

0.491

2.27

0.243

1.47

4.65

373

1.41

15.57

0.502

2.62

0.246

1.49

4.09

384

1.62

16.93

0.532

2.96

0.257

1.58

3.64

393

1.655

14.98

0.504

3.15

0.271

1.55

3.62

400

1.795

14.64

0.518

3.38

0.285

1.60

3.42

409

1.9

14.21

0.530

3.55

0.300

1.66

3.28

416

2.005

13.68

0.544

3.72

0.319

1.73

3.16

423

2.11

13.07

0.560

3.89

0.342

1.80

3.05

430

2.32

13.81

0.647

4.04

0.385

2.06

2.90

450

2.53

14.14

0.741

4.24

0.447

2.38

2.76

466

2.74

14.46

0.852

4.43

0.524

2.75

2.64

483

2.95

14.74

0.976

4.61

0.615

3.18

2.54

501

3.16

14.97

1.112

4.77

0.718

3.66

2.48

522

3.37

15.14

1.260

4.93

0.834

4.19

2.44

549

3.475

15.26

1.340

5.00

0.897

4.47

2.44

566

3.51

15.32

1.368

5.03

0.919

4.57

2.44

572

3.545

15.40

1.398

5.06

0.942

4.68

2.45

578

3.S8

12.44

1.280

4.71

0.892

4.34

2.57

614

3.58

12.32

1.298

4.71

0.909

4.41

2.59

624

3.65

12.19

1.31*

4.71

0.926

4.48

2.60

634

3.685

12.05

1.331

4.70

0.942

4.55

2.62

644

3.72

11.89

1.346

4.70

0.958

4.60

2.65

657

* -$£ uaed 1* fa tlma the valuta ahown In Table III-4.
the 90Z longitudinal phase apace area.

Table 111-4 uaed

In this Table the 991 area la uaed.

**Requlr«d to achieve 2.5 ca dlaplaceaent of the beaa In the next
llnac aectlon.
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radiation growth of e x is cancelled somewhat by the decrease in 0 X with
energy.

(See Table III-4 for details.)

spread, 6W to 6W

Since the contribution of the energy

is independent of n, the increase of the 6W contribution

is due entirely to synchrotron radiation. The breaks in the curves at 1.655
GeV and at 3.68 GeV result from changes in the character of the quadrupole
matching solutions.
Figure 111-22 shows that based on the assumptions given above, if
the low energy quadrupole apertures are limited to ±2 cm, the intermediate
extraction energy beam must be less than 3.1 GeV.
6Wmax
m ,_ is 1.3 MeV.

The corresponding value of

If any of che above assumptions are changed the curves in

Figure 111-22 can be altered to produce new estimates of <5W_Q_, as a function
of W.
The details of the calculations are shown more fully in Tables III-4
and III-5.

For example, Table III-4 shows that the decrease of both 3 X and n

with W produces a beam that has nearly a constant width of 2 mm from 1.655 GeV
up to energies beyond 3.5 GeV.

Hence the increase in 6W_ OV with energy can be

nearly attributed to the decrease of n/W with energy shown in Figure 111-21.
Table III-4 also shows that the voltage requirements for a i m long
electrostatic septum deflector are modest up to about 3.5 GeV.
Table III-5 shows an increase of both 3 X and n at the magnetic
septum with energy which together with the increase in both phase space areas
produces a rapidly increasing beam size with energy.

The magnetic field

values required to produce a 2.5 cm deflection in the next linac section are
modest and increase very slowly with energy.
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3.l6GeV
Figure 111-23.
Deflection of 5 W m a x to
2.5 cm in the next linac
section using
electrostatic (E) and
magnetic (M) septum
deflectors at three
representative
energies. The 60°
sector magnet is
indicated by the box
around the x axis and
the quadrupoles by bars
above and below the
axis •

2.48 mR

2.32 GeV
Eo

0.78 mR

2.90 mR

E
o

1

I.O3mR

4.09mR

Figure 111-23 shows the positions of the two septum deflectors for
three representative energies.

The orbits for the extracted beam pulses

follow the designed dispersion orbit until they come to the electrostatic
deflector.

If the deflectors are turned off, these orbits, of course return

to the axis after passing through the sector magnet.

For all energies below

1.655 GeV the two deflectors have been placed as shown for the 1.41 GeV
extraction to avoid the complications of 270° and greater phase advances.

5.

Transverse Optics of the Hexatron
The beam extracted from the race track microtron (RTM) will be

injected into the hexatron in a dispersive straight section at 185 MeV
electron '/.inetic energy.
36 1/3 turns.

The beam is accelerated to 4000 MeV in 109 passes or

The synchronous particle gains 35 MeV energy in passing through

134

each linac; a periodic quadrupole focussing structure can be incorporated
between each linac section.
185 MeV for each cell.

The elements could be tuned to give a

= 90° at

The focussing schemes described in this section are

developed without linac quadrupoles for containment.
hexatron layout for one-third turn.
A and E.

AIJJ

Figure 111-24 shows the

The linac centers are indicated at points

The distances to the effective dipole edges are d

+ d^ = 14.0 m.

weak horizontal focussing quadrupole (Q s ) is located at d^ = 0.4 m.
dipole exit edges are located at points B and D.

A

The

The focussing system in the

dispersive straight section is mirror symmetric about the midpoint C.

The

optical transformation from points A to E should be first-order achromatic in
the bend plane, and waist to waist in both transverse planes with 3^ = 3g, a^
= ouj = 0.
theory.

The a and 3 represent the usvial Twiss parameters from accelerator
(See footnote to Appendix F for more detailed definitions.)

ANL-P-16,730

/

FOCUSSING
SYSTEM
d b = 14.0m
db= 0.4m
0,= I5°
PQ = 0.15m", at l85MeV
£A= 15.0m
Figure II1-24.

Layout of hexatron for one superperiod.
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The solution presented here constitutes a matched system for each
1/3 turn assuming constant energy; the energy is increased by 35 MeV between
1/3 turns.
m.

The matched 0^ of 15.0 m is close to the optimum value of 14.0

The singlet quadrupole is chosen to have a strength Pg = 0.15 m

185 MeV.

at

The entrance dipole angle 6-^ is taken as +15° (vertical

focussing) . The exit dipole angle is maintained at 0° at energies W < 1620
MeV so as to reduce the severe vertical defocussing which results at low
energy from the -60° exit angle (used for W > 1655 MeV).
The focussing systems are designed to bring the beams to transverse
waists (a x = a

= 0) and constant dispersion (n, = 0) at the half-way points

of the dispersive straight sections, i.e. at point C in Figure 111-24.

The

dipoles are assumed to bend the beams through 60° with an effective length
pn/3 where p is the radius of curvature.

The edge-focussing terms are

modified to correspond to a short-tail drop off of the central field
[En 64]. In the horizontal plane the dipole edges correspond to thin lenses
of power = +tan8/p.

The vertical plane focussing is modified by the short-

tail field behavior and can be represented by thin lenses of power =
-tan^/p.

The effective edge angles B = 0 - F2 x g/p where g (the gap) is

taken to be 0.06 m.

The function was empirically determined from Enge's

curves [En 64] and Is taken to be F2 - 0.4 + 0.577 6 2 + 0.29 5* where 6 = 9 1.2 x 0.414 x g/p.
The beam conditions at the dipole exit (B) result from transporting
the initial beam (^ * 15.0 m) sequentially through a 13.6 m drift length da>
a thin HFQ of power Ps » 0.15 x 185/tf, a 0.4 m drift length db, and the dipole
(see Figure 111-24).

At low energies the horizontal envelope is strongly

converging at the dipole exit B, with Twiss parameters 3 B and afi. The
horizontal waist occurs a distance x w - 0BoB/(l+aB ) downstream of B.

Both x w
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Figure 111-25. Location of beam waists
relative to sector magnet edge as a function of
orbit energy.

and y w are presented in Figure 111-25 as a function of energy.

The

discontinuity at 1620 MeV occurs because of the change in dipole exit angle
from 0° to -60°.
Three quadrupole focussing systems have been developed to contain
the electron orbits over the energy range of 185-4000 MeV.
mirror symmetric about the center point C.

Each system is

For W < 1620 MeV six quadrupoles

between points B and D are used - the dipole exit angles are stepped to zero
degrees in this case. A triplet is used for 1655 < W < 2215 MeV; for
W > 2250 MeV five quadrupoles are used.

The thin-lens equivalents of the

three systems are illustrated in Figure 111-26 along with the trajectory of
the dispersion ray.

Focussing lenses are horizontal focussing (HF). At

points B and D, n - p/2 with
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I) W < 1620 MeV
Ql Q2

d, d2
Figure 111-26. Thin-lens
representation for the three
focussing systems used in the
hexatron for orbit containment.
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29.979 B(kG)

(111-20)

The slope of the dispersion ray at point B is

nB = sin 60° for system I where the exit angle is 2ero degrees (69 = 0 ) ;
rig = 0 for systems II and III.

The length of the dispersive straight section

d B D = 2d B C - 2 x (14.015 - p x 0.866).
At low energies the horizontal waist occurs upstream of Ql (x^ < di)
in system I, strong focussing is required to bring the beam to another waist
at C.

As Figure 111-25 indicates, x w increases with energy - the triplet

system II can be used if d2 < x w < d B C and if this waist can be shifted to
point C.

These conditions exist for 1655 < W < 3195 MeV; however, this system
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is used only up to a maximum energy of 2215 MeV.

The pentaquad system III is

utilized for W > 2250 MeV; both a weak and a strong solution to this system
exist.

The weak pentaquad system is used for 2250 < M <

case P^ < 0.5 m

at all energies.

chosen with P, > 1.1 m~ .

3545 MeV - in this

For W > 3580 MeV the strong system is

The weak solution gives large 3

the opposite is true for the strong solution.
waist must be shifted to point C.

values at point C;

In all cases the horizontal

Each optical system must also bring the

vertical envelope to a waist at point C and perform the ray action indicated
in Figure II1-26.
Three conditions must be satisfied at point C:

a = a = n' = 0.
x
y

These requirements are satisfied by solving a number of equations involving
the quadrupole strengths and locations.

Figure 111-27 shows the energy

dependence of the resulting quadrupole strengths in the focussing systems the abscissa reads 1/3 turns corresponding to AW = 35 MeV.

The

discontinuities occur at the transition points between focussing systems.
ANL-P-16,830
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Figure 111-27.
orbit containment.
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BEAM DISPERSION AT MIDPOINT

Figure II1-28. Beam
dispersion at the midpoint C
of the dispersive straight
section.
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Note P, = 0 in system II. The betatron tunes vv and v,T have been calculated
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using Vj » 3[/ds/Bi]/2Tr where the integration is over 1/3 turn.
focussing system the v^ are relatively constant with energy.

For a given

The v are

roughly 5.3, 2.3, and 2.4, and the vy span 1.1 - 1.3, 1.2 - 1.8, and 1.1 - 1.2
(2.5 - 2.6), for the systems I, II, and III weak (strong), respectively.
The energy dependence of the dispersion n at the midpoint C is shown
in Figure 111-28. The horizontal beam width is x c * |nc|AW/W + / 3ce where
AW/W is the fractional half-energy spread and e is the geometric transverse
emittance. A tracking code has been utilized to follow the evolution of the
beta functions through the system.
transverse planes.

The initial values are $t > 15.0 m in both

The distributions are shown in Figure II1-29 for three
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BETA FUNCTIONS THROUGH SIX-SIDED
MICROTRON (/3A"=l5.Om)

DIPOLE END

Figure II1-29. Beta functions
through the hexatron (&»=
15.0 m).

0

"fixed" points in 1/6 turn:

1

20

i

40

1

I

'

I

60
80
1/3 TURNS

100

120

the dipole end, Q2, and in Q3. At low energies

the values of S x start out large in Q3 ( $ x > 120 in) but come down quickly.
The values of 3 reach maximum values in Q2 of near 150 m near 1600 MeV. The
value of I n | can be reduced at low energies by increasing the distav.ce d2
above its present vrlue cf 1.0 m. At 185 HeV \:e have J n c | = 3.7 mj with 62 =
2.0 m we obtain | n c | = 1.7 m. However, the value of $ x in Q3 rises from 120 m
to 480 m with the increase in d£«

6. Analysis of Errors and Active Damping
The transverse optics described in the previous section have been
analytically tested for sensitivity of the beta function to errors in the
focal elements and demonstrated to be adequately stable. Another concern,
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however, is the stability of the equilibrium orbit (EO)

to remain adequately

contained in the presence of standard alignment and field errors of the
focussing and bending elements. Analytical studies have shown that the error
in the EO due to reasonably sized alignment and field errors can be and must
be actively damped.

This can be accomplished with a relatively simple control

system consisting of a position detector measuring the centroid of the beam
located in the straight section just entering the dispersion section following
a linac and a feedback-loop-driven rlipole magnet located in the last straight
section of a dispersion region before entering the same linac section.
locations are graphically shown in Figure 111-30.

LINAC 3

Figure 111-30. Locations for equilibrium orbit error
measurements and corrections.
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The analytical study used a computer program that randomly generated
errors in the sector magnet fields, transverse position and angular rotation
of the sector magnets with respect to the ideal EO, focussing element fields,
transverse placement of the focussing elements, and angular rotation of the
focussing elements.

The program calculated errors in the EO due to randomly

generated alignment and field errors between the limits of
|AB/B| < 0.0001, |Ax| < 0.0001 m, and |e| < 0.0004 rad for the sector bending
magnets and |Af/f| < 0.001, |Ax| < 0.0001, \e\ < 0.0004 for the quadrupoles.
The magnitude of the errors at the measuring points were minimized to less
than or equal 0.1 mm by generating an angular displacement at the correction
points shovn in Figure 111-30.

Corrections for energy differences due to

change in path lengths in the bending magnets were incorporated in the
program.

The program can be started with any Ap/p and an incremental path

length 6Z was calculated in each passage through the bending magnet.
The results of the computer calculations are shown in Figure ill-31
(a), ( b ) , and (c) where the damped orbits are compared to the undamped orbits
in the horizontal plane at energies between 220 to 535 MeV, 1725 to 2040 MeV,
and 3020 to 3545 MeV, respectively.

Figure 111-32 (a), (b), and (c) show the

damped orbits compared to the undamped orbits in the vertical plane at
energies between 220 MeV to 535 MeV, 1725 to 2040 MeV, and 3020 to 3545 MeV,
respectively.

The solid lines represent the undamped orbits, and, as can be

seen, the orbit errors can grow to a few centimeters.

The damping system

reduces these errors to within an acceptable value of a couple of mm.

The

maximum field required in the correction magnets was less than 0.0135 T-m,
which is equivalent to 0.45 T for a 3 cm long correction magnet.

Studies of

the damped orbits in the horizontal plane with AW/W variations of 0.0, +
0.0001, and - 0.0001 confirm that the orbits remain within the expected
variations due to the n function of the system.

COMPRRISON OF DRMPED RNO UNDRMPEO ORBIT ERRORS
VersTlCH. PLflHC
220 TO 535 «tV

0.04 -i

CD
DC
Ul

COMPRRISON OF ORMPED RND UNDRMPED ORBIT ERRORS
0.010-

vtRTiCft. ru»c
1725 TO 2010 HCV

0.005-

0.02

ERROR ~

CJJ

o

w

0.00

0.000

-0.02

UJ

-0.005-

Legend
-0.04

100

200

300

SOLID
oftvcD oonco

-R-

400

500

600

Legend

-n.oio

n n 200
n n n 400 n n600n

WOtrtSJGLID
omrco uuiiui

800

DISTRNCE RLONG EO - METERS

DISTRNCE flLONG EO - METERS

COMPRRISON OF ORMPED RND UNDRMPED ORBIT ERRORS
vamcfiL PLfltc
3230 TO 3545 fCV

0.06 n

Figure 111-32.
Comparison of damped and
undamped EO e r r o r s in the v e r t i c a l plane at energies
between
(a) 220-535 MeV,
(b) 1725-2040 MeV, and
(c) 3230-3545 MeV.
Linac locations marked by boxes along the x-axis.

CO
CH
txJ

en
o

85 -0.02-0.04 -

Legend
uxwrrtD 3QLID

-0.06

n

Γ-I

n
200

i—i

r~i
400

Γ-I

i—i

OmPCD OOTTCO

r~i
600

DISTRNCE flLONG EO - METERS

800

145

E.

1.

PHASE SPACE MATCHING

Introduction
For relativistic energies the variation in the longitudinal beam

properties can be described by a combination of linear matrices operating on
the conjugate variables of energy error, 6W, and phase angle error, 6(|>. The
longitudinal phase-ellipse area occupied by the beam, i.e. beam emittance, is
assumed to be conserved during the acceleration process.

If variation in the

rf synchronous phase angle, <J>g, is assumed to be constant during traversal of
the linac, the matrix operator for a linac section will be

ANL-P-16,247

RTM

= 20°

POINT A

Vs = 0.273

POINT B

POINT C

POINT D

HEXATRON

.88.9

POINT A

POINT B

POINT C

POINT D

Figure 111-33. Longitudinal phase ellipses at each
location in Figure II1-34.

146

ANL-P-16,835

RACE TRACK
MICROTRON

Figure 34. Points along
trajectory of RTM and hexatron where
longitudinal ellipses are
calculated.

0
(111-21)
1

-eV o sln«j) £

and the corresponding operator for a hard-edge dipole magnet will be
1TV

D

-

The corresponding beam vector is
is AW

* meVQcos4»

AW

(111-22)

( J ) , and the energy gain per turn

with m - 1 for the RTM and m • 3 for the hexatron. The

value of v in equation 111-22 corresponds to the integer number of wavelengths
increase in orbit length between successive tranversals through the linacs of
the microtron.

The value of v will be unity for this design.

These matrices
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can be used to obtain the Twiss parameters which characterize the matched
longitudinal phase ellipse behavior at any point in the RTM or hexatron.

In

either microtron under optimum conditions the acceptance ellipse will be
upright at the center of the linac and at the center of the straight
sections.

The longitudinal acceptance is traced through the microtrons in

Figure 111-33. The points along the trajectories of the RTM and hexatron
where the longitudinal ellipses are calculated are presented in Figure
111-34.

The phase space ellipses in Figure 111-33 correspond to an emmittance

of 30 keV-deg in a RTM with $s = 20°. As the data show, the variation in
phase is much tighter in the hexatron than in the RTM for a matched beam.
Both longitudinal and transverse phase space matching will be required between
the RTM and hexatron as well as at injection into the RTM.
Ixi fact, the parameters of the design presented here have been chosen to
achieve an eight dimensional match.

Energy and phase, displacement and slope

in both transverse dimensions and dispersion and its slope have been matched
throughout the accelerator from injection to extraction.

2.

Matching Between Injector Linac and RTM
The output of the 5 MeV preaccelerator (see section III-B) will be

matched to the periodic focussing structure which will be used in the
injection linac, a FODO structure with M

• 90° per focussing period. Eight

accelerating cavities raise the beam kinetic energy to 2? MeV.

The last

element of the linac is horizontally focussing quadrupole (QFA).
center of QFA the transverse beam phase ellipses are upright.

At the

The elements

depicted in Figure 111-35 between the 23 MeV linac and RTM dipoles steer the
beam into the injection septum Sj_. This section consists of a 10° achromatic
bend and matching quadrupoles.

The optical action of this section matches the
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23MeV LINAC TO
RTM INJECTION
SEPTUM

INJECTION
SEPTUM

Figure II1-35. Schematic of
transport system from 23 MeV linac
to RTM injection septum.

\m
-QFA (LAST QUAD
IN LINAC)

beam in the center of QFA to the conditions required at S^. Figure 111-36
shows the behavior of the monoenergetic transverse parameters £„, fJv and r\
through the beam line listed in Table III-6, but in reversed order - the
transformation proceeds from S^ to the linac end.
Three septum dipole magnets on displaced orbits are used to inject
into the RTM. The design satisfies the requirements of a dispersion free beam
in the RTM linac, and a starting 0* - 5.0 m at the linac center at 23 MeV.
Figure II1-37 illustrates the plan view geometry of the system.
septum dipoles, and the Q^ are quadrupoles.

The S^ are

The beam arriving at point A is

bent 10° left by Sj, passes through a 180° bend in the RTM dipole, and
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REVERSE TRANSPORT 23 MeV LINAC
TO RTM
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Figure II1-36.
Beta functions and
dispersion for reverse
line from septum S^,
back to 23 MeV injector
linac.

4

2
0
0.15
0.10

0.050 —
MATCH

10° ACHROMATIC
BEND

MATCH
LINAC
END

SEPTUM
INJECTION
arrives at S£ a distance d from the linac axis.

The translation S2-S3 uses

two 7.8436° bends and the exiting beam is displaced 2d (H13.647 cm) from the
linac axis.

The second RTM dipole then puts the beam on the linac axis for

acceleration to 29 MeV. The quadrupoles Q^ - Q5 are used for dispersion
cancellation and focussing.

The quadrupoles Q D are vertical focussing with a

strength P D - 0.3 m - 1 at 23 MeV; as indicated in the discussion of section
III-C.3.

The beam line parameters required to achieve a complete interstage

match are presented in Table III-7.

The behavior of the monoenergetic

0 , 0 and n (dispersion ray) through the beam line are presented in
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Table I I I - 6 .

Component

Action

23 MeV Linac to RTM I n j e c t o r .

Eff.

Length
(m)

1/2 QFA

HFQ

0.05

dl

drift

1.00

Ql

VFQ

0.10

d2

drift

0.50

Q2

HFQ

0.10

d3

drift

0.50

BI1

5° left

0.10

d4

drift

0.50

Q3

VFQ

0.10

d5

drift

0.50

Q4

HFQ

0.10

d6

drift

0.50

Q5

VFQ

0.10

d7

drift

0.50

BI2

5° left

0.10

d8

drift

0.50

Q6

HFQ

0.10

d9

drift

0.50

Q7

VFQ

0.10

dlO

drift

0.20

Field (kG) or
Gradient (kG/cm)

0.04822

+0.04277

-0.04166

0.66951

-0.06232

0.15852

-0.06232

0.66951

0.19641

-0.09974
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TABLE III-7.

Component

Injection line transport at 23 MeV.

Action

Eff. Length
(m)

Field (kG) or
Gradient
(kG/cm)

1.339

l

10° Left

0.10

D

l

Drift

0.30

RTM 1

180° Right

0.2410

Dl

Drift

0.30

S2

7.8436° Left

0.10

D2

Drift

0.40

S3

7.8436° Right

0.10

Dl

Drift

0.30

Ql
D2

HF Quad

0.10

Drift

1.4206

Q2

VF Quad

0.10

D3

Drift

1.1294

Q3
D4

HF Quad

0.10

Drift

2.C350

Q4

VF Quad

0.10

D5

Drift

1.26495

Q5
D6

HF Quad

0.10

Drift

0.45

RTM 2

180° Right

0.2410

D7

Drift

0.55

QD

VF Quad

0.10

D8 (to Point B)

Drift

3.35

S

10.0

1.0503

1.0502

0.07018

-0.05000

0.10051

-0.04591

0.05689

10.0

0.0230

152

ANL.-P-I6.766

RTM DIPOLE

Figure 111-37.
Plan
view of RTM linac,
dipoles and associated
components utilized for
injection at 23 MeV.
The S^ are septum
magnets and the Q^ are
quadrupoles. The solid
curve represents the 23
MeV trajectory.

RTM DIPOLE
Figure 111-38.
achromatic.

The beta functions pass through minima in the linac center

5.0 m.

B

3.

Figure III-38(c) shows that the transformation is

Phase Matching at 185 MeV
After acceleration from 23 MeV to 185 MeV the beam will be extracted

from the return path of the RTM.

The longitudinal phase ellipse is shown at

point C of the RTM in Figure 111-33 for an emittance of 30 keV-deg. The
energy half-width will be 34.0 keV and the phase angle half-width will be
0.88°.

The acceptance ellipse at point C of the hexatron will be 89 keV by

0.34°.

The matching of the two ellipses will be accomplished by a positive
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RTM INJECTION AT 23 MeV

Figure 111-38.
Behavior of 3 X , g and n x
through the reverse beam
line from injection into
RTM back to exit from the
23 MeV linac.

LINAC
CENTER

phase shear induced before extraction from the RTM, followed by a positive
energy shear induced with a matching cavity, which will in turn be followed by
a negative phase angle shear in the transport system.
The longitudinal matching technique is conceptually shown in Figure
111-39.

In essence, the two extra 180° bends in the RTM cause phase ellipse A

in Figure 111-39 to shear in the direction of energy errors so that phase
ellipse B results. The rf cavity acts on phase ellipse B in the direction of
the arrows because of the large shear in the phase angle. The phase ellipse
is rotated into the phase ellipse C in Figure 111-39. The dipole system in
the transport line is designed to cause a negative shear of 0.4332/MeV to
restore phase ellipse D into the upright position.

The last is accomplished

because a high energy particle travels a shorter distance through the dipoie
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A
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D

8W

Figure 111-39.
Schematic of beam
matching system between
racetrack microtron and
hexatron.
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DIPOLE
SYSTEM

3 « 0 * ROTATION
IN RACETRACK
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chain than a low energy particle.

The two extra 180° revolutions in the RTM

will be accomplished by generating a 10 cm displacement of the beam on its
return path in the RTM at 185 MeV.

The displaced ray will propogate through

the RTM a second time undergoing two 180° bends without traversing the linac
section.

The phase angle shear due to a dipole is given as

- | J p (e - sine) jj£

(111-23)

where
X

= free space wavelength at the fundamental frequency,

3

• velocity of particle normalized to the speed of light,

p

* bending radius,

6

* bending angle of magnet,

<SW

• energy difference relative to synchronous energy, and

W

• energy of particle.
The large phase shear for a particle with a positive energy error,

6W, will be achieved by a large bending angle, 6, and by a large radius of
curvature, p.

The drift space between the dipoles will produce no phase shear
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since the path lengths are identical for all energy errors, 6W.

The phase

shear due to 10° "translating" bends system will be negligible (~ -0.02°).

At

the extraction point, the phase half width will be 2.27°.
The x-x , , y-y, , r^—nx' and <{>-W phase spaces must be matched at the
hexatron.
point.

The center of the 185 MeV dispersive straight section is the match

The transport and matching system, designed in a modular fashion,

consists of quadrupoles, dipoles and an rf matching cavity.
consists of five sections:

The system

(i) dispersion cancellation, (ii) straight section

for transverse matching and location of an rf matching cavity, and subharmonic
buncher (if utilized), (iii) achromatic bending section for longitudinal
shearing, (iv) straight section for transverse matching, and (v) a final
injection section implementing two dipoles for longitudinal shearing and
quadrupoles for dispersion matching.

The entire system has been designed in

reverse order proceeding from the hexatron injection point back to the RTM
extraction.

Table III-8 contains the design data in the indicated direction;

the rf cavity is located within the drift D16.

The voltage required is

1409.15 kV which implies a length of 1.0 m for attainable gradients of 1.4
MV/m.

The transverse Twiss parameters 8 , 3 X , and dispersion trajectory n

are graphed in Figure 111-40 as a function of position in the beam line;
components and sections are indicated in the lower section.

F.

HEXATRON VACUUM SYSTEMS

Because the cycle of acceleration in the hexatron involves only 37
recirculations, the beam losses due to multiple scattering by the residual gas
In the vacuum chamber is small compared to conventional circular
accelerators.

As a result, the requirements for the vacuum systems can be met
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Table 1II-8. Hexatron injection line in Reverse Order (185 MeV). The
functions of the sections, (i) - (v), are defined in the text.

Component

Action

Eff. Length

(m)

(v)

(iv)

(iii)

(ii)

Dl

Drift

Ql

HFQ

D2
Q2
D3

Drift

Q3

HFQ

D4
Q4
D5
BL1
D6
Bkl

Drift

D7
Q5
D8
Q6
D9

BL2
D10
BR2
Dll
BL3
D12
Q7
D13
B

VFQ
Drift
60° left
Drift
60° right
Drift

HFQ
Drift

VFQ
Drift
60° Left
Drift
60° right
Drift
60° left
Drift

HFQ
Drift
10° left

D14
Q8
D15

VFQ

Q9

HFQ

D16
Q10
D17

Drift

Qll
D18

(i)

VFQ
Drift

BR3
D19
Q12
D20
Q13
D21

Drift
Drift

VFQ
Drift

HFQ
Drift
20° right
Drift

VFQ
Drift

HFQ
Drift

3.0639
0.10
2.1895
0.10
2.1895
0.10
2.1895
0.10
0.2594
0.5612
0.5359
0.5612
1.00
0.10
2.90
0.10
1.3287
0.5612
0.3838
0.5612
0.3838
0.5612
2.8582
0.10
2.9218
0.20
1.00
0.10
0.50
0.10
4.8936
0.10
0.50
0.10
1.00
0.30
1.90
0.10
2.6181
0.10
4.7112

Field (kG) or
Gradient (kG/cm)

0.2715
-0.2877
0.5471
-0.2282
11.5152
11.5152

0.6228
-0.2332

11.5152
11.5152
11.5152
0.5957
5.3852

-0.4590
0.5408
-0.2337
0.2171

7.1802
-0.125
0.2007
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REVERSE HEXATRON INJECTION

185MeV

Figure 111-40.
Behavior of 5 , 3X and n x
through the reverse
injection line from RTM to
hexatron.
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using standard conventional technology.

Pressures within the sector magnets

and straight sections, in the linacs, and beam lines to the experimental areas
of 2 x 10~ 6 , 5 x 10~ 7 and 1 x 10~ 6 , respectively, will be sufficient to insure
negligible beam loss, except in the gun area where the pressure must be less
than 1 x 10~ 7 .
Pumping of the microtron vacuum chambers will be accomplished with
turbomolecular pumps in the dispersive straight section, sector magnet, and
beam line areas, and ion pumps in the linac areas, and external beam lines.
The most difficult region to pump will be the vacuum chambers inside the
sector magnets. The chamber for this area is currently designed to be a thin,
welded stainless steel high vacuum chamber located inside of a rough vacuum
chamber which is formed by the magnet poles and a barrier sandwiched between
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them around the perimeter.

The pole face coils are mounted to the outside top

and bottom surfaces of the high vacuum, inner chamber.

As such they are

located inside of the rough vacuum and the power leads penetrate the rough
vacuum wall.

Tubes also penetrate the rough vacuum wall and attach to the

high vacuum chamber at 37 points along the chord of the chamber and a point at
one end to allow beam passage.

A penetration at each end of the high vacuum

chamber leads to a turbomolecular vacuum pump.

The rough vacuum between the

high vacuum inner chamber and the pole tips is maintained through a manifold
extending along the arc side of the gap, and connected to the rough vacuum
barrier between the poles and two mechanical pumps, one at each end of the
magnet.

Additional distributed pumping is provided for the high vacuum

chamber through the 37 holes along the chord side of the gap and leading to
the short straight section pipes.

Two 1000 A/sec turbomolecular pumps are

mounted to a manifold that intersects the 37 pipes as close as practicable to
the chord side of the magnet.

These pumps and manifold assist in evacuating

the sector magnet chamber as well as provide pumping for the dispersive
straight section beam pipes.
x 10

The total gas load in each sector magnet is 2.4

Torr A/sec when only the outgassing of the chamber walls is

considered.

The pump locations and mounting geometries for the current design

of the hexatron give an average pressure in the sector magnet high vacuum
chambers of about 10

Torr after 40 hours.

A sector chamber is roughed down

by using a mobile pumping station at each end of the magnet.

These stations

contain a 1000 V s e c turbomolecular pump, a 17 cfm mechanical backing pump,
and a 50 cfm rotary piston pump.

Four of these permit each sector magnet pair

to be evacuated in a serial fashion.

The dispersive straight sections contain

thin walled tubes with 2 cm inside diameters and which extend through the
quadrupoles.

There are two intermediate manifolds in the dispersive straight
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sections of each beam orbit.
extraction components.

These contain beam diagnostic elements and

There are two turbos on each of these manifolds. The

average pressure in the dispersive straight section pipes is about 5 x 10
Torr.

This system contains excess capacity which can accommodate the gas

loads caused by other elements in the dispersive straight sections which have
not been defined yet.

Some sections of the vacuum chamber walls are water

cooled to remove the heat deposited by the synchrotron radiation from the bent
electron beam inside the sector magnets.
Pumping of the linac sections present no special problems as long as
cleanliness is maintained throughout the installation.

Valves on each end of

the three linacs in the hexatron ring permit its isolation or the isolation of
each pair of sector magnets.

The total gas load for each of the three linacs

is estimated to be 1 x 10 - ^ Torr Jl/sec. Each linac contains eighteen 60 if sec
ion pumps. A 1000 £/sec turbomolecular pump and a 17 cfm rotary piston pump
on each end of the linacs is used for roughing down the linacs to the starting
pressure of the ion pumps, as well as contributing Lo the pumping of the
linacs and sector magnets during operation.

The expected average pressure in

each linac is better than the desired 5 x 1O~7 Torr.

The injection linac is

similar except that there are fewer sections involved.
60 £/sec ion pumps and two turbo systems.

This requires fourteen

For a total gas load of 8 x 10 - ^

Torr H/eec the average pressure is about the sa^e as for the other linacs
above.
The beam transport lines between the hexatron and the experimental
areas total about 330 m.

Ten centimeter diameter aluminum pipes are used for

these lines. An additional 120 m of 20 centimeter diameter aluminum pipe
extends between the targets and the beam dumps.

To avoid loss of vacuum

integrity and permit rapid replacement of equipment due to the expected
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radiation environment, beam line joints have metal seals and quick disconnect
clamping.

Eleven 60 £/sec ion pumps are spaced approximately 45 m apart.

Each section is isolated by valves at each end to facilitate maintenance and
pump down. The beam lines have an average operating pressure of about
10

Torr. A valved port in each beam line section allow it to be pumped down

from atmosphere by using one of the mobile pumping stations described above.
A summary of the major hardware items and system parameters associated with
each major subsystem of GEM is presented in Table III-9.
There are two vacuum manifolds in the existing ring buildings.
These could be used to centralize the roughing and backing pumps and could
result in some reduction in the costs of these mechanical pumps. This
consideration will be included in the final design process.
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Table III-9.

Summary of Major Hardware Items and System Parameters
Inj.
&
Linac

Large Vacuum
Chambers:
Pi pe:
5 cm
10 cm
15 cm
Pumps:
Turbomolecular
1000 Vsec
Mechanical
17 cfm
Ion
60 l/sec
Leak Detector:
Gas Analyzer:

__

Hex
Linac

—

Hex
Sector
Magnet

6

Dispersive
Straight
Section

12

External
Beam
Lines

—

Total

18

40m
0.6m

1.8m

4.3m

7.3m

1.55km
0.38km
0.02km

2

6

12

24

44

2

6

24

24

56

14

54

12

—

—

2
1

1.55km
0.34km

11

91

—

3
3

5
4

Gauges:
Ion
Thermocouple

2
2

6
6

12
28

24
24

11
11

55
71

Valves:
10 cm
15 cm

4
2

12
6

8
12

24

14
11

38
55

Bellows:
5 cm
10 cm
15 cm

84

540

15
2

33
6

56
18

24

624
104
50

Flanges:
5 cm
10 cm
15 cm

8
52
4

24
90
12

84
16
24

1824
48

70
324
22

2010
482
110

1

4

14

212

54

285

0.5

0.5

2.0

2.0

1.0

Total:
Gas Load
(10"5T-Jl/sec)
Desired
Average
Pressure
(10"6 T)

—
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IV.

HEXATRON BUILDING AND EXPERIMENTAL AREAS

A.

INTRODUCTION

It is proposed that the hexatron and associated experimental areas
be housed in the already existing ZGS buildings at Argonne.

The use of the

ZGS buildings affords a substantial cost saving to the project.
view of the ZGS complex is shown in Figure IV-1 and Figure IV-2.

An overall
The

buildings in Figure IV-1 which represent a direct benefit to the project
are:

(i) the office and laboratory building denoted as buildings 360 and 362

in the figure, (ii) the high-bay machine shop, building 363, (iii) the ring
building, 365, (lv) the center building 364, which currently houses ample heat
exchangers for this project, (v) the ZGS high-bay experimental areas,
buildings 369, 370 and 371 and building 368 which would be converted into data
rooms.

In addition to the buildings, approximately 50 megawatts of power are

available at the power substations denoted as location 549 A and B in the
figure.

Also, approximately 50 megawatts of water cooling capacity are

available at location 377 in the figure.
The hexatron is expected to produce, simultaneously, three electron
beams of independently adjustable currents and energies.
experimental areas are being proposed for the facility.

Thus, three separate
Each of the

experimental areas should be suitable for electron beams which are 100 pA in
current and 4 GeV in energy.

The primary emphasis of the experimental area

designs is placed on those types of experiments that were discussed in section
II of this proposal and in the report on Future Directions in Electromagnetic
Nuclear Physics [Do 81 J.

Consequently, the primary functions of the three

experimental areas would be medium resolution coincidence experiments,
monochromatic photon studies and high resolution coincidence studies.
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The overall layout of the hexatron and experimental areas is shown
schematically in Figure IV-3. For reference, in the ZGS complex the region
shown in Figure IV-3 is depicted as a rectangular box in Figure IV-1. The
hexatron building and the three experimental area buildings are discussed in
detail in the following four sections.

The beam lines shown in the figure

were designed so that electrons of longitudinal (or transverse) polarization
could be transported to each experimental area.

The electron spin rotator

system is discussed in section IV.E. The problems of cleanly dumping and
shielding such high-powered electron beams have been considered and discussed
in the sections entitled Beam Dump Systems (IV.F) and Radiation Shielding
(IV.G).
The cost estimates presented for the buildings are based on two
resources:

(i) an architectural design study for a 2-GeV electron microtron

produced by the architectural firm A. M. Kinney and Associates [Ki 82],
(ii) Building Construction and Cost Data 1982 and Mechanical and Electrical
Cost Data 1982 [Go 82]. They reflect a general condition fee of 10% of the
structural components, 15% of the electrical and mechanical work and a 4%
architectural and engineering fee. A fee of 10% of the cost for contractors
overhead and profit was included for all work and an additional fee of 10% of
the electrical cost was included for supervision of the electrical work.

B.

HEXATRON BUILDING

It is proposed that the hexatron be housed in the ZGS ring building
(building 365) as shown in Figure IV-3.
building are manifold:

The advantages of using the ZGS ring

(i) building costs and construction time are greatly

reduced, (11) the ZGS building is well shielded from the surrounding area,

La

51.25 MVA

\V''

—PFH™

-WATPt
xootnw"
TOWERS

Figure IV-1. Overall view of the ZGS area at the Argonne National Laboratory. The proposed
hexatron and three experimental areas are indicated. The existing ZGS buildings which should be
useful to the GEM project are: (i) building 365, the ring building, which would house the hexatron,
(ii) building 369, which would house the medium resolution area, (iii) building 370, the monochromatic
photon area, (iv) building 371, the high resolution area, (v) building 360, control room and offices,
(vi) building 368, data rooms, (vii) building 362, office building, (viii) building 363, high-bay
machine shop, (ix) building 364, the center building, currently houses heat exchangers which would be
used in the GEM project, (x) area 549 A and B, a 62.5 MVA power substation, and (xi) area 377, water
cooling towers. An expanded diagram of the region in the boxed-in area is shown in the next figure.
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Figure IV-2. Pictorial view of the ZGS area. The proposed hexatron and
experimental areas are indicated in a conceptual manner. The cut-away view of
the ZGS ring building indicates the proposed location of the hexatron. The
GEM experimental areas and spectrometers are shown as being housed in the ZGS
experimental area buildings.
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BLDG. 368

MEDIUM
RESOLUTIO
AREA

y

\

DATA ROOMS

MONOCHROMATIC
PHOTON

Figure IV-3. An expanded top view of the proposed accelerator and
experimental area complex. The way In which the hexatron and Injector
mlcrotron would fit Into the existing ring building (building 365) Is shown.
The proposed location of the experimental areas In buildings 369, 370 and 371
Is Indicated. Building 368 is indicated as being subdivided into data rooms.

(ill) more than ample utilities are available to the hexatron; electrical
power, water cooling and climate control systems are in place, (iv) cranes and
elevators are available, and (v) a control room already exists.
features of the ZGS ring building are listed in Table IV-1.

Major
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Table IV-1. Existing Characteristics of the ZGS Ring Building (Building 365)

Inside Dimensions:
Outer diameter (ft)

216

Inner diameter (ft)

148

Height (ft)

43
2

Floor area (ft )

19,440

Crane capacities (T)

5420, 20, 50

Crane hook heights (ft)

23.3, 23.3, 21.5

Wall thickness* (ft)

3.5

Ceiling thickness* (ft)

2.0

Floor thickness* (ft)

3.5

Floor loading (T/ft2)

>1.3

Electrical power

50 MVA

Cooling-water capacity

50 MW

Shielding

i>17.5 ft thick earth

Structural materials are reinforced concrete.

Building 364, the center building, houses heat exchangers for the
water cooling loops. Water chillers are located in this building and are in
operating condition.

The hexatron would require approximately a fifth of the

water cooling capacity.

The heat exchangers are connected to the water-

cooling towers at location 377 by 30-in. diameter water mains. These watercooling towers have an ultimate capacity of 50 MW.
It is estimated that the air conditioning capacity which already
exists is sufficient for the hexatron.

In addition, approximately 50 MW of

electrical power are already installed to the GEM buildings.

This power can

be readily redistributed to the various components of the GEM facility.

It is

estimated that the hexatron, operating at 4 GeV, would require only 11.6 MW of
this available power.

GHADE EL. 7«2'-O"

CL. T49'-«"

TON
J
(l> 3 4 20 TON
CMNCS ( I ) 20 TON
(l> SO TOM

\

BEAM LWC3 ( KAMEL.
IL. 7O7»-O 3 / 4 *

I4I'-O"(N.T.S.)

V

STEEL RCINFORCING BARS
IN CONCRETE .

, - COUPACTEO FH.L - ^

SECTION G-0

BEDROCK - EL. esO'-O"

Figure IV-4. Cross sectional view (GG of Figure IV-3) of ring building. This figure indicates
existing cranes, radiation shielding and caisson support for the ring building. The proposed
locations of beaa lines and a hexatron sector magnet are shown.
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Another major saving to the GEM project would reside in the fact
that the ZGS ring building has ample radiation shielding.
ring building are constructed of 3.5-ft thick concrete.

The walls of the
At least a 17.5-ft

thick earth blanket rests on the concrete shell. This is more than the amount
of shielding that is necessary for the hexatron.

The estimate for this

shielding is given in section IV.G.
Other features of the ring building include three overhead cranes of
capacity 20T, 20T and 50T each.

In addition, a control room exists with a

tunnel access to the ring building.

Cable trays are already in place.

The

ring building has ample floor space to house the injector microtron as shown
in the Figure IV-3.

In addition, there is adequate floor space in the ring

building and the center building (building 364) to place magnet power supplies
and radiofrequency galleries for the linacs.
construct a separate utility building.

Thus, there would be no need to

Finally, another major saving would be

accrued by using the ZGS high-bay areas - buildings 369, 370 and 371 - for the
proposed experimental areas and subdividing building 368 into three data rooms
as shown in Figure IV-3. The use of these buildings is discussed in detail in
the following sections.
As a further study of the feasibility of placing the hexatron in the
ZGS ring building, numerous cross sectional diagrams were drawn.

Two of these

diagrams are shown in the next two figures. The first, Figure IV-4, shows the
cross sectional cut denoted as GG in Figure IV-3. This cuts through the
injector microtron beam pipes on one side of the ring building and near a
sector magnet of the hexatron on the other side.

This cross sectional diagram

shows that the hexatron magnets comfortably fit into the ring building.

The

sector magnets would be located on the service floor of the ring building.
This location would minimize the amount that the electron beam would drop
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downward in order to service the experimental areas. The electron beam will
be transported to a lower elevation, since the experimental areas would be
recessed into the earth in order to ensure adequate shielding and ceiling
height.

The location of the overhead cranes, existing caissons and radiation

shielding are also indicated in the figure.

In order to support the hexatron

sector magnets (~67OT each) it will be necessary to add caissons to the ring
building.

Four caissons would be necessary to support each sector magnet.

Two caissons per sector magnet already exist in the ring building.

In order

to have clear access to the service floor of building 365, reinforced concrete
pillars must be removed from the building.
supported the ZGS ring magnets.

These concrete pillars previously

The removal of these pillars and the

associated flooring would be the largest single cost (~$0.5 M) associated with
modifying the ring building in order to accommodate the hexatron.
Figure IV-5 shows the cross sectional cut AA in Figure IV-3. This
is the region where two of the extracted electron beams would be transported
to a lower elevation.

These diagrams were made in order to study the costs

and problems associated with lowering the beam elevation and transporting the
beam through the outer wall of the ring building.

This diagram shows the

region between the ring building and building 370. Tunneling through the
lower girder of the opening to building 370 is feasible since there is ample
support of this girder on either side.
In summary, it is expected that the cost of preparing the ZGS ring
building for the hexatron is $0.92 M, without contingency.

However, to

construct a ring building of this type would cost approximately $15 M today.
The cost of relocating utilities and adding secondary electrical service
equipment in the ring building is estimated to be $1.39 M, without
contingency.

The cost of Installing 11.6 MW of power in a similar way for new
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Figure IV-5. Cross sectional view (AA of Figure IV-2) of electron beam transport immediately after
extraction. This is the region where two of the electron beams would be dropped to a lower elevation in order
to match the experimental areas.
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construction would be approximately $6 M.

Thus, use of the ring building

would constitute a substantial saving to the project.

C.

EXPERIMENTAL AREAS

The three proposed experimental areas are shown in Figure IV-3. The
medium resolution area would occupy the ZGS high-bay building 369, while the
monochromatic photon area and high resolution area would occupy high-bay
buildings 370 and 371, respectively.
are:

The advantages of using these buildings

(i) utilities are available, (ii) overhead cranes already are in place,

(iii) the roofs of these buildings are already water-tight, (iv) there is
ample room for staging areas and power supplies.

The physical characteristics

of these three ZGS buildings are summarized in Table IV-2.

In order to

determine the physical characteristics of the required experimental areas the
following general assumptions were made.

First, the three areas should be

capable of medium-resolution coincidence experiments, high-resolution
coincidence experiments and experiments which make use of photon tagging.

Table IV-2. Dimensions of ZGS Buildings

Building

369

Floor Space

~230 ft

x 104 ft

Crane Hook Height

Crane Capacity

(ft)

(T)

25.5

10,35

25.5

10,35

30.0

10,35

2

-24000 ft
370

~180 ft x 94 ft
17000 ft

371

85 ft

2

x 115 ft

10000 ft

2
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Table IV-3.

Structural Characteristics of GEM Experimental Areas

Feature

High Resolution

Photon-Coincidence

Medium Resolution

Area

Area

Area

80' diameter

82' diameter

82' diameter

46

38

38

5027

5281

5281

Crane hook height (ft)

52

55

55

Crane capacity (T)

35

10,35

35

Inside Dimensions
height (ft)
2

floor area (ft )

Wall thickness:
above ground
level (ft)

>7.2

>7.2

>7.2

2.0

2.0

2.0

2.6**

4.9**

4.9**

below ground
level (ft)
Ceiling thickness* (ft)
Floor loading:
general (lbs/ft2)
at spectrometers

1000

1000

800T on 75-ft
diameter circle

1000

300T on 60-ft
diameter circle

300T on 60-ft
diameter circle

Structural materials are reinforced concrete.
Removable blocks.

Secondly, conceptual designs of high- and medium-resolution spectrometers and
a photon tagging system were performed in order to estimate the requirements
on buildings.

In addition, the monochromatic photon area was designed so that

it could also serve as a second medium resolution area.

The conceptual

designs of these instruments are presented in Appendix C.

On the basis of

these spectrometer designs the physical characteristics of the buildings,
given in Table IV-3, were determined.

Of course, the wall and ceiling
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thicknesses were determined on the basis of radiation shielding and structural
requirements.

The radiation shielding requirements were set by estimating the

amount of expected beam loss and considering the Argonne National Laboratory
radiation protection guidelines for radiation workers.
of radiation to 2.5 mr/hr at the shield wall.
included in the estimate.

This limits the amount

The effects from skyshine were

These considerations are discussed thoroughly in

section IV.G and will be summarized here.

The shielding requirements resulted

from the following estimates of beam losses.

The beam loss in the medium

resolution and monochromatic photon area was assumed to be 0.25% or 1 kW and
the loss in the high resolution area 0.1%.

Of course, 100% beam loss was

assumed for the beam dump areas and 0.2% loss for the beam tunnels.

Losses in

excess of these amounts would require additional shielding or a beam reduction
to that area.
A comparison of the contents of Table IV-2, the dimensions of the
desired experimental areas, and Table IV-3, the structural characteristics of
the same areas, indicates that modifications must be made to the existing
structures.

Most notably, the ceiling heights should be increased and

shielding must be added.

The most cost effective manner of accomplishing this

is to leave the existing buildings intact, as much as possible, and to r&cess
concrete shells into the earch inside the existing buildings.

The following

discussion will outline the modifications to the existing buildings in order
to accommodate the three experimental areas.

1.

Medium Resolution Area and Monochromatic Photon Area
The medium resolution and monochromatic photon areas would be

constructed In an essentially Identical manner.

This is true since both areas

were designed to house two medium resolution spectrometers.

The exception is
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Figure IV-6. Plan and side views of the proposed Monochromatic Photon Area. The photon
tagging system and a medium resolution spectrometer are shown In the side view. Note that this room
could serve either as a tagged photon area or a medium resolution area.

177

that the monochromatic photon area would also Include features and utilities
for a photon tagging system.
Figure IV-6.

The monochromatic photon area is shown in

It is proposed that this area be located in building 370.

The

conceptual design of the Monochromatic Photon Area (MPA) is based upon the
additional overall criteria:

(i) it should meet the requirements of the

experiments discussed in Future Directions in Electromagnetic Nuclear Physics
[Do 81], (ii) in addition to monochromatic photons, bremsstrahlung photons
should also be available, (iii) detectors or spectrometers could be placed in
a coincidence geometry (iv) an electron beam could be transported to the
target position as well as a photon beam (v) the tagged photon energies should
range between 0.2 and 3.9 GeV for a 4-GeV electron accelerator.
of this facility is shown in the top half of the figure.

A plan view

In this figure one

can see the placement of two medium resolution spectrometers and the photon
tagging system.

The building shape is cylindrical with an inner diameter of

82 ft and a ceiling height of 38 ft.

The walls are 7.2 ft thick with the

addition of concrete shielding in the forward direction.

This additional

concrete is 10 ft high from the existing floor level and 4.9 ft thick in the
direction of the electron beam.
approximately 30 ft.

The area would be recessed into the earth by

This allows costs to be minimized since below ground

level the concrete walls are only 2 ft thick and act only as retaining walls,
while the 7.2-ft thick walls above ground level and the roof are supported
separately by caissons which go down to bedrock.
will be used to support the structure.

Approximately 17 caissons

Since the walls of the room extend

only 10 ft above grade level, there is a substantial saving in the amount of
concrete necessary to fabricate the room.

Excavations of approximately 30 ft

depth have been made already at the ZGS site, indicating no serious problem
with the depth of the proposed excavation.

The concrete shell can be
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constructed compactly, since the existing overhead crane resides outelde the
shell.

This will save an additional 6 to 10 ft of celling height, depending

on the type of crane which might otherwise have been employed.

So that the

crane could have complete access to the experimental area, the roof (4.9-ft
thick concrete) will be constructed entirely of removable blocks.

In

addition, a removable wall section will allow access to the area for large
items.

Note that there is room left over in building 370 which could be used

to temporarily store the roof blocks and as a staging area.
In addition to these accesses for heavy equipment, there will be
provision for personnel accesses in two places in the structure.
The first is a routine access which consists of a stairway and an elevator.
The elevator will have a capacity of 2 tons, and therefore be useful for
moving small laboratory equipment items. The second access will serve
primarily as an emergency exit and make use of an existing tunnel in the ZGS
complex.

The floor of the building will be constructed of a slab of 2.0-ft

thick reinforced concrete with underlying crushed stone. The floor will
withstand a general loading of approximately 1000 lbs/ft . However, the
spectrometer track would be supported separately from the floor by 10 caissons
distributed over the 270° arc of track.
Water cooling for the magnets will be supplied through a heat
exchanger using the chilled water available in building 364.

Other factors

that were considered in the cost estimate were the air conditioning, heating
and ventilation system.
conditioned.

Only the interior of the concrete shell will be air

High efficiency filters will be employed in order to ensure that

possible radioactive contaminants are not released to the atmosphere.
The amount of power to be supplied to the monochromatic photon
utility area will be 1.1 MW.

This power takes into account an 80* efficiency
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in magnet power supplies and assumes a 4-GeV electron beam energy.

This

amount of electrical power will drive the photon tagging system, two medium
resolution spectrometers and the beam transport elements.

This relatively

small amount of power is readily available to building 370. Additional power
could be added to the experimental areas without a large additional cost,
since the ZGS area already contains substations for up to 50 MW of power.
The medium resolution area is very similar in design to the
monochromatic photon area.
building 369.

It is proposed that this area be housed in

This area is shown in Figure TV-7. Since this facility does

not have the photon tagging system, only 0.95 MW of power are needed for the
beam transport and two medium resolution spectrometers.

It should be noted

that the 38-ft ceiling height is not determined by the presently designed
medium resolution spectrometers.

The ceiling was designed this way in order

to accommodate other types of already existing spectrometers which might be
employed at such a facility.
In summary the estimated costs for the medium resolution and
monochromatic photon areas with utilities are $2.48 M and $2.50 M,
respectively.

2.

Cost summaries are presented in section IV.D.

High Resolution Area
The high resolution area will be located in building 371 since a

longer tunnel Iβ necessary for the more complicated beam transport system.

As

shown In Figure IV-8, this high bay building will have to be increased in
size.

This addition to building 371 is the largest single modification cost,

$1.02 M.

This additional room Iβ necessary to provide a place for temporary

storage of the roof shield blocks.

This building will have the highest

overhead ceiling (46 ft) due to the size of the high resolution spectrometer
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Figure IV-7.

Top and side view of the proposed Medium Resolution Area.
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discussed In Appendix C.

The roof of this building will consist of 2.6-ft

thick removable, reinforced concrete blocks.
access to the entire experimental area.

The removable roof allows crane

In addition to the roof, local

shielding in the form of reinforced concrete pads, as shown in the figure,
will be used over the beam line and target area in order to shield not only
against sky-shine but also the detectors of the spectrometer from the target
region.

These concrete pads also provide walkways, and consequently, allow

easy access to the detectors for the spectrometers.

The walls above ground

level will be constructed of 7.2-ft thick reinforced concrete.
will be supported by 17 caissons.

These walls

An additional 10-ft high shield wall will

be located in the forward sector of the experimental area.

This additional

wall will range in thickness from 4.9 ft in the beam direction to no thickness
at right angles to the beam direction in order to meet shielding
requirements.

A 10-ft portion of the wall which wouL" be above grade level

and along the perimeter will be constructed of removable shield blocks.

This

will permit large pieces of equipment to be hoisted with the crane into the
experimental area.

Routine access will be provided by two stairways and an

elevator of 2-ton capacity.

The floor will be constructed In the same manner

as described for the medium resolution area and the general floor loading will
be ~1000 lbs/ft2.

As before, the spectrometer track will be supported

separately by caissons.
In summary, the structural costs of the high resolution area is
estimated to be $3.19 M, wit, out contingency.

The cost associated with

supplying 0.68 MW of electr? »1 power to the area is estimated to be $0.16 M,
whereas, the mechanical costs would be $0,092 M, again without contingency*
The total cost for trte high resolution area is then $3.44 M.
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Figure IV-8. Detailed views of the proposed High Resolution Area.
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3.

Beam-line tunnels
The cost estimates for the beam line tunnels were made on the basis

of the following physical characteristics.

The inner, cross-secticnal

dimensions of an individual beam tunnel are 12 ft * 12 ft.
constructed of a 2-ft thick reinforced concrete shell.

The tunnel will be

The floors of all

three tunnels will be located at an elevation of 682 ft 5 in., approximately
30 ft below grade level.

This allows for 2-ft of concrete shielding, the

tunnel ceiling, and approximately 16 ft of earth shielding overhead, providing
more than adequate radiation shielding for the expected beam losses in the
tunnels.

A discussion of the amount of shielding necessary for the beam

tunnels is given in section IV.G.

The tunnel was designed to be 12-ft wide so

that there would be sufficient room to drive a fork lift beside the beam
line.

The height of the tunnel was governed by making the flco « of the

tunnels the same elevation as those of the experimental areas and still
leaving room to hoist equipment over the 7.2-ft high beam line.

The estimated

structural cost per linear foot for the tunnel is $1780 in the case where the
excavation can be made from above.

Near the earth berm surrounding the ring

building, the excavation must be made by tunneling.
estimated structural cost is $2A20/ft.
contingency.
tunnel.

In this case the

These estimates do not include

They are consistent with the tunnel costs for the Fermilab ring

The estimated costs also include those regions where the existing

flooring of the ZGS experimental areas must be breached.

Since the existing

floor is only 6-in. thick reinforced concrete, the costs for removing it are
small compared with the tunnel costs.
The utility and mechanical costs for the tunnels were estimated
separately.

These costs were based on the electrical work and water cooling

for the beam line elements as veil as general convenience receptacles,
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lighting and a grounding system.

In addition, climate control systems, sump

pumps and drains must be placed in the tunnels. The costs for the tunnels are
summarized in Table IV-4.

Table IV-4. Summary of Costs for Beam Line Tunnels

Type of Work

High Resolution

Medium Resolution

Area

Monochromatic
Photon Area

Area
FY83 Costs ($1000)

Structural

744.4

839.8

554.0

Electrical

56.2

53.2

41.4

Mechanical

30.6

28.9

22.5

921.9

617.5

TOTAL (without contingency)
831.2

4.

Data Rooms
In estimating the cost of the three data rooms, it was assumed that

building 368 would be subdivided.

This building is ideal since it has only a

10-ft high ceiling and since it is located in reasonable proximity to the
proposed experimental areas (see Figure IV-3).

By subdividing an existing

building in this manner the costs of the data rooms have been minimized.

It

is assumed that the rooms would be 2000 ft* each and will accommodate, at a
minimum, the computer system described in Appendix C.

In summary, each data

room will have 39 circuits of 120 V single phase, a total of 104 kW; 2 circuits
of 208 V single phase (1.4 kW) for tape drives and 10 circuits of 120 V
single phase (30.6 kW) of clean power.

The air conditioning system will be
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capable of eliminating 54 kW of heat load to the air while keeping the room
temperature at 75° F, dry bulb.

The relative humidity in the rooms will not

exceed 50%.
The estimated cost of each room is $32.8 k, without contingency.
The cost of the data rooms is included in the costs summarized in section D.

D.

SUMMARY OF BUILDING COSTS

Summary of Structural, Electrical and Mechanical Costs for Hexatron
Building and Experimental Areas

Hexatron
Type of Cost

High
Resolution
Area

Medium
Resolution
Area

Monochromatic
Photon
Area

Costs ($1000) FY83
Structural

923.4

3189.5

2184.7

2196.9

Electrical

1259.3

161.2

195.3

201.1

Mechanical

129.5

92.1

98.3

98.3

-

831.2

921.9

617.5

2312.2

4274.0

3400.2

3113.8

Beam-Line Tunnel and
Utilities
TOTAL

TOTAL COSTS BY AREA

Building

Cost
FY83 ($1000)

Hexatron

2312.2

High resolution area

4274.0

Medium resolution area

3400.2

Monochromatic photon area

3113.8

Sub Total

13100.2

Contingency (20%)
TOTAL

2620.0
15720.2
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E.

TRANSPORT OF POLARIZED ELECTRON BEAMS

The beam transport systems to the experimental areas will fulfill
three purposes.

The first is to isolate the experimental areas from one

another and from the microtron.

The second is to prepare the beams so that

their properties, size and dispersion, are suited ideally to the spectrometers
in the areas.

Finally, each beam line will transport longitudinally or

transversely polarized electrons to the experimental areas.

The relatively

long lengths of the beam lines satisfy the first requirement.

The manner in

which the beam is prepared in order to match the spectrometers is discussed
already in the separate sections on the spectrometer design.

In the present

section a beam transport system which provides longitudinally polarized beam
over a broad energy range (0.8 to 4.0 GeV) is described.

The hexatron, being

approximately circular, is expected to yield beams of transversely polarized
electrons only.

A polarized electron source is not described and has not been

included in any of the cost estimates.

It is expected that a source similar

to the one which is being installed by the Yale group on the MIT/Bates
accelerator would be used.

However, since the injector high voltage is much

less and the duty factor of the accelerator much higher in the present design
than at the Bates facility, the polarized electron source should be much
simpler to construct, install, and operate.
Many of the experiments anticipated require longitudinal
polarization.

For example, the experiments which test parity violation

require a longitudinally polarized beam so that the helicity of the electron
can be changed.

Moreover, experiments which involve polarized electron

scattering from polarized targets or polarized electron scattering where the
polarization of recoil particle is detected also require longitudinally
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polarized electron beams.

In fact, Schildknecht [Sc 65] has shown that the

asymmetry one should observe for transversely polarized electrons scattering
from a polarized spin-one target is much lower than that for scattering of a
longitudinally polarized beam.

Thus, it is expected that longitudinally

polarized electrons will prove to be more useful than transversely polarized
ones.
The longitudinally polarized electrons would be produced by
transporting transversely polarized electrons through a configuration
consisting of solenoid, dipole, solenoid and dipole magnets.

Of course, the

field strengths of the dipoles are adjusted to bend the beam into the
experimental areas, while the solenoid fields are adjusted so that the
electron spin is rotated into the longitudinal direction.

The essential

elements of the spin rotator system are shown schematically in Figure TV-9.
The amount of anomalous spin precession by the dipoles is fixed once the bend
angles are chosen, since the relation between bend angle 6 and spin precession
angle <f> is given by

where (g-2)/2 is the anomalous g-factor and y is the Lorentz factor.

Of

course, if the electron spins are parallel to the dipole field, then the spin
precession is degenerate*

The first solenoid would be used to precess the

electron spin somewhat out of the tranverse plane, so that the first dipole
can precess the spin according to the above expression.

The second solenoid

and dipole would then precess the spin into the longitudinal direction.
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Figure IV-9. Schematic diagram of a variable energy
electron spin rotator system.

Clearly, without the solenoids only transversely polarized electrons would be
available.

In the present case, the bending angles (32°, ±16°) have been

chosen so that longitudinally polarized electrons could be available to the
medium resolution and monochromatic photon areas and in the energy range 0.83
to 4.1 GeV. The bending angles 52° and -26° were chosen for the high
resolution area so that longitudinally polarized electrons would be available
between 0.55 and 2.5 GeV. The angles through which the electron spins would
be precessed in order to give longitudinal polarization are listed in
Table IV-5 for a few selected energies.

Also listed in the table is the

effective field strength (/S»dt) of the solenoids.

In view of the high field

strengths, superconducting solenoids will be necessary.

The cost of the spin

rotator systems have been figured into the cost of the beam line elements.
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Table IV-5. Spin Precession Angles, d^, and Solenoid FieJd Strengths for
Transforming Transversely Polarized Electrons into Longitudinally Polarized
Electrons 0X - 32°, 62 = 16°.

E

e
(GeV)

(/S-dt)1

a

l
(deg)

a2

(kG-m)

(deg.)

</*-dt) 2
(kG-m)

0.83

87.1

42.1

5.8

2.8

1.0

57.9

33.7

64.3

37.4

2.0

31.6

36.8

116.7

135.8

3.0

31.8

55.6

116.3

203.1

4.0

60.1

139.9

59.8

139.1

F.

BEAM DUMPING SYSTEMS

The proposed hexatron is expected to produce three beams,
simultaneously, each of up to 100 pA in current and up to 4-GeV in energy.
While the safe dumping of this high beam power is straightforward, it is not
trivial.

The beam dump systems used at higher energy have been discussed

thoroughly [Ne 68]. The 400 kW of beam power must be removed from each
experimental area, and the radiation produced in the beam stop and cooling
water must be contained.

In order to provide a beam stop cooling system some

of the technology already developed [Ba 75, He 80] at Argonne for the Intense
Pulsed Neutron Source - I (IPNS-I) will be employed.

Although the IPNS-I

target cooling system was designed for 40 kW of beam power, it is a simple
matter to Fcale the system up to 400 kW.

Of course, not all of the features

of the IPNS-I beam stop are required in the presently proposed case since the
IPNS-I target consists of uranium.
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A major problem in handling this high beam power is the containment
of the radioactive cooling water.
produced in the cooling water are

The primary contaminants which are photo0 and

Be.

The amount of radioactivity

from these isotopes can build up to very high levels.
activities for a 200-kW electron beam for *-->0 and

The saturation

Be are expected to be 7000

and 56 Ci, respectively; while the half lives are 2 min and 53 days,
respectively.

Thus, a radiation containment and monitoring system of the

cooling water is necessary.

In addition, catalysts must be included in the

system to recombine H2 and 0o gases which would build up to dangerous levels
in the cooling system.

Instrumentation and controls are necessary to monitor

the beam stop and to automatically shut down the beam in case of failure of
the beam stop or cooling system.

Finally, a safe and convenient system is

necessary in order to maintain the beam stop and cooling system.
The essential features required for cooling the beam stop are (i) a
closed-cycle water cooling loop which heat exchanges with another water
cooling system, (ii) a surge tank to prevent an over-pressure of the beam
stop, to remove gases and to re-combine H2 and 0o, (iii) a drain tank to
provide a means of draining radioactively contaminated water during
maintenance, and (iv) a monitoring system.

The monitoring system will

automatically shut down the beam in the event of high temperature of the beam
stop or cooling water or low coolant flow.

Alarms will be used for problems

of lesser significance, e.g. water leaks.
The beam stop, which will consist of a collection of water-cooled
aluminum spheres or copper plates and will be helium or air coupled to the end
of the electron beam pipe.
for maintenance.

This permits convenient access to the beam stop

This is necessary since the activity in the beam stop would

be expected to be 100 R/hr at a distance of 1 meter immediately after the beam
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Is turned off and will drop to approximately 6 R/hr after two days without
beam.

After two days the level of activity drops very slowly since the

primary contaminants will be 2 *Na and
2.6 yrs., respectively.
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Na which have half lives of 15 hrs and

The helium gas or air can also be used to flush away

radioactive gases which will build up around the beam stop.

A system similar

to the one in use at IPNS-I is shown schematically in Figure IV-10.

This

system permits convenient extraction of the beam stop, which can then be
discarded or transported easily to a hot cell for repair.

Of course, suitable

hot cells already exist at Argonne and have not been included in the cost
estimate.

The top half of the Figure IV-10 shows schematically the

configuration of the beam stop during normal operation.

The lower figure

indicates the extraction of the beam stop into a lead cask.
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Figure IV-10.
diagram of a proposed
electron beam dump. The
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maintenance or
replacement.

HELIUM .
ATMOSPHERE
K-I.Om-^1

Pb CASK FOR
BEAM STOP
REMOVAL
LINK
RODS

QUICK DISCONNECT
FITTINGS

192

In the proposed design five beam stops will be required.

Four of

these will be the high-power (400 kW) beam stops and will be located in the
experimental areas:

one each in the Medium and High Resolution Areas and two

in the Photon Monochromator Area.

Another beam stop will be low power (40 kW)

and will be used for beam tuning purposes.

The high-power beam stops will

require a large amount of personnel shielding, the equivalent of 25 ft of
earth.

The shielding requirements are discussed in the following section.

G.

RADIATION SHIELDING

The high beam power present in the GEM accelerator forces the
consideration of radiation protection at an early stage in the design.

The

primary criterion must be the minimization of the radiation exposure of
accelerator personnel and users.

This involves contributions from direct beam

induced radiation and activation of components of the accelerator system and
experimental areas.

A secondary, but important concern is the protection of

accelerator components from direct beam damage.

Full use must be made of

active, fast protection technology to interrupt the beam under abnormal beam
loss conditions.
installations.

Such systems are in standard use at many other
(For example, the Beam Containment System at SLAC [Co 77] and

the Activation Project at LAMPF.)
The configuration of static shielding is determined by the normal
operating conditions of the accelerator.

The acceptable dose rate at the edge

of tht» shielding was taken to be 2.5 mr/hour, as set by the laboratory
guidelines for the operation of particle accelerators [Ne 73].

The excellent

beam quality of the hexatron ensures that beam loss can be maintained at a
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very low level.
criterion.

Even so, relatively thick shielding is required to meet this

In the thick-shielding configuration, the limiting radiation doses

are determined by high energy neutrons, either directly produced or produced
in the shielding by the interactions of high energy photons.

The dose

equivalents were estimated using the parameterization of Jenkins [Je 7 9 ] :

1.3 x 1 0 1 1 E

exp(-pd/X)

D.E.
(a+d) 2 (1-0.72 cos(4>))'

where E Q is the e~ energy (GeV), a is the target to shield distance (cm), d is
the shield thickness (cm), p is the shield density (g/cnr), and A = 117 g/cm
for earth and 120 g/cm

for concrete, and <p is the scattering angle.

The beam loss, source to shield distances, and radiation levels at
the edge of the shield walls in each building are given in Table IV-6.

The

angle dependence of the dose places more stringent requirements on the
shielding at forward angles so two angles, the minimum <j> and 90° are listed.
The minimum (j> is the azimuthal angle at which radiation reaches the shield
wall at ground level from the target position or radiation source.

The

construction of each building is described in section IV-B and IV-C and the
beam lines and beam dumps are discussed in sections TV-C and IV-F,
respectively.

Additional shielding is located in the forward hemisphere of

the experimental areas to compensate for the angular dependence of the
radiation.

Since the hexatron is located in the well-shielded ZGS ring

building the radiation problems are minimized.

Each of the experimental areas

is partially below grade which also reduces the above-grade shielding
requirements by setting t minimum angle $ in each case.

194

Table IV-6.

Beam power
Loss

Radiation Doses Outside GEM Areas

Source to

Minimum
Angle

shield

6

m

90°

Skyshine

Dose Rate^

Dose Rate'

mr/h

mr/h

mr/h

0.3

0.2

0.2

-

Dose Rate'

distance

Area
(kW)

(cm)

12.0

300

10°

Beam line

0.8

100

90°

1.0
-

MRA and MPA

1.0

1250

30°

0.8

2.1

1.2

HRA

0.5

1190

31°

0.4

1.1

400.0

100

90°

—

0.4

1.5
—

Hexatron

Beam dumps

<9m>

'Dose at edge of shield wall
Dose 10 m from edge of shield wall

Skyshine is also an important consideration.

This contribution to

the radiation dose was estimated with the Lindenbaum parameterization
[Ri 75]. The doses are taken to be from evaporation neutrons formed in the
interaction of fast neutrons.

The tagged photon and medium resolution

experimental areas will be covered with a 4.9-ft thick roof of removable
blocks.

Experiments in the high resolution area will use thinner targets and

therefore have somewhat lower beam losses.

In addition, the permanent

concrete shielding pads supply additional skyshine protection, so that a
2.6-ft thick roof is adequate.
The advantage of using sufficient permanent shielding in the design
is that the ample space inside the ZGS experimental areas can be used as
staging areas for other experiments.

Assembled equipment can then be lifted

into the shielded area with the overhead crane.
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V.

PROJECT MANGEMENT AND PERSONNEL

A.

INTRODUCTION

One of the basic missions of the national laboratories is the
development and operation of large facilities for research and development in
basic and applied science for the benefit of the university and wider national
scientific community.

Argonne National Laboratory has a long tradition of

construction and operation of major user facilities.

The 12 GsV Zero Gradient

Synchrotron was constructed at Argonne and operated for over 16 years during
which time 258 experiments in elementary particle physics were performed.
Approximately 75% were conceived and executed by university and non-Argonne
groups.

The Laboratory continues to operate a spectrum of major research

facilities in a user mode.

These include the Argonne Superconducting Heavy

Ion Linac which will soon be incorporatad into ATLAS, an expanded useroriented nuclear research tool; the intense pulsed neutron source, IPNS-I, a
national user facility dedicated to basic research on condensed matter in the
areas of neutron scattering and radiation effects,* and the High Voltage
Electron Microscope-tandem facilities for materials research involving
electron microscopy, ion implantation, ion bombardment and ion-beam analysis;
to cite the largest.

The Laboratory has a continuing responsibility for

administration of a large number of projects of varied technical scope
spanning a diversity of disciplines.

By virtue of this responsibility it

maintains a strong experienced administrative staff to assist in organizing
new projects such as GEM with a minimum expansion of personnel.

Among the

services which are Immediately available to the project organizers are
Laboratory financial and budgetary services, program management assistance,

196

procurement and contract resrvices, assistance in long range planning, and
services of the Laboratory legal staff.

B.

CONSTRUCTION

In accord with DOE policy, responsibility for GEM project planning,
control, and reporting activities will rest with the Project Director.

Given

the importance of continuity and overall perspective in this large-scale,
multidimensional undertaking, the current GEM Design Project Director,
H. E. Jackson, will remain in this position as activities preparatory to final
design and construction are completedThe Project Director for Title II design and construction phases
will be named later.

We recognize that, with the acceptance of this proposal,

Argonne National Laboratory assumes the responsibility for the successful and
timely completion of the project, a most important component of which is the
selection of principal project personnel.

We further recognize that the GEM

project will be at or near the center of attention for a number of non-Argonne
groups and organizations, including parts of DOE and the National Science
Advisory Committee (NSAC), as well as for the American nuclear science
community.

Accordingly, it is our intention to discuss the selection of the

Project Director with interested representatives or these goups before making
a final decision,

within the Argonne orgp.iization, the Project Director will

report directly to the Associate Laboratory Director for Physical Research who
is in turn responsible to the Argonne Laboratory Director.
Our current plan is thet the construction project w i U be subdivided
into three sections
•

Design and Analysis
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•

Engineering and Construction

•

Project Administration

each under the supervision of a Section Head.
await the selection of the Project: Director.

Selection of section heads must
However, it is clear that much

of the GEM construction responsibility will be borne by current members of the
GEM Design Project staff.

A summary of these people and their areas of

expertise follows.

GEM Design Project
Project Management
Harold E. Jackson, Senior Physicist
Cornell University, Ph.D. (I960)
Accelerator Theory and Orbit Analysis
Robert Kustom, Sr. Electrical Engineer
University of Wisconsin, Ph.D. (1969)
Edwin Crosbie, Physicist
University of Pittsburgh, Ph.D. (1952)
Tat K. Khoe, Senior Physicist
Delft Institute of Technology, Ph.D. (I960)
R.F. Engineering
George Mavrogenes, Electrical Engineer
Northwestern University, BEE (1955)
Kenneth W. Johnson, Engineering Specialist
Thornton Jr. College
Beam Diagnostics
Janes Norera, Physicist
Rutgers University, Ph.D. (1969)
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Magnet
Robert Lari, Physicist
University of Notre Dame, MS (1955)
Kenneth Thompson, Physicist
Michigan State University, Ph.D. (1969)
Robert Wehrle, Mechanical Engineer
DePaul University, MS (1967)
Power Supplies and Controls
Walter Praeg, Sr. Electrical Engineer
State College of Wuerttemberg, Germany (1948)
Computer Control Engineering
Martin Knott, Electronics Engineer
University of Illinois, BS (1961)
Facilities Engineering and Operations
Don McGhee, Engineering Specialist
DeVry Technical Institute, Assoc. Degree (1961)
Spectrometer Design
Donald Geesaman, Physicist
State University of New York-Stony Brook, Ph.D. (1976)
Roy Holt, Physicist
Yale University, Ph.D. (1972)
Benjamin Zeldman, Sr. Physicist
Washington University, St. Louis, Ph.D. (1957)

Beyond the skills already present in the GEM project, other Argonne
accelerator operations and accelerator technology programs will provide
additional expertise important to the realization of a national electron
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accelerator facility.

Extensive activities in the design and operation of a

high current pulsed L-band linear accelerator, under the supervision of George
Mavrogenes of the GEM staff, provide a strong technical base for the design
and fabrication of the hexatron linacs. Personnel currently participating in
operations and accelerator development activities on the 500 MeV fast-cycling
synchrotron, the proton source for the EPNS, will be concerned with beam
diagnostics and accelerator computer control of the GEM hexatron.

The

Electromagnetic Technology group under the direction of Walter Praeg will
provide expertise over a wide range of disciplines.

Activities include the

design and fabrication of pulsed and steady state magnets and their associated
power supply systems, the control and monitoring systems for particle beams
and for the magnetic fields and stresses in superconducting magnets. Other
activities are vacuum and cryogenic systems, and computer control and
monitoring systems.
In staffing the construction phase of GEM, the project will draw
heavily on laboratory engineering services to meet those needs which are
required only during the construction phase. However, there will be a rapid
buildup in personnel in the inital engineering phase of the project to
approximately 50-60 and this staff will become the core of the operating staff
of ~76 described in section VI-C. Development of a specific project task and
construction work force breakdown will be carried out as part of Title I engineering.

C.

OPERATION

Hie operation of the GEM facility will be the responsibility of the
OEM Director.

Our current view is that the Project Director during
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construction would retain this position as we enter the operating phase.
However, our desire to see the best possible person in the project director
position, as the character of the responsibility changes, together with the
recognition that these changes might modify the spectrum of interested
individuals may alter this view.

Recognizing that the GEM Director will have

the primary responsibility for organizing the GEM Operations Staff, we have
formulated an operation plan that will ensure a smoothly-functioning facility,
consistent with the user character of GEM.

The GEM Director will be supported

by a staff which will include a Chief of Operations.

The latter will have

overall responsibility for accelerator maintenance, development, and operation
and will convene the Scheduling Committee.

The profile of the proposed

operating staff is presented in Table V-l. A supervisory staff of three
professionals will have primary project responsibility.

A group of 15

operators led by 4 engineers will carry out routine operations. An
accelerator technology team of nine members will be responsible for system
maintenance cad engineering research and development.

A pool of four

engineers and twelve technicians is planned to provide engineering support for
accelerator operations and design of experiments by user groups. A small
cryogenic group will have responsibility for developing and maintaining
appropriate components of the accelerator, beam lines, and spectrometer
facilities.

An accelerator instrumentation group of five has also been

provided.
The GEM Project will be an autonomous unit reporting directly to the
Associate Laboratory Director for Physical Research.

Operation of the GEM

facility will be subject to the review procedures which apply to all Divisions
and Projects in Physical Research area at Argonne National Laboratory.

A

visiting committee of qualified scientists will be organized to conduct an
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annual review of GEM operations to supplement the review role of the Program
Advisory Committee (see section VII). r'ormal contact with the user community
will be maintained by frequent consultation with a formally organized and
incorporated GEM users group (see section VII).

Table V-l.

Operating personnel, GEM

Program Direction

3

User Liaison

2

Operating Staff
4 engineers
15 operators
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Computer Operations
3 engineers
4 programmers

7

Beam Diagnostics Group
3 accel. phys•
3 technicians

6

Accelerator Technology Group
2 engineers
7 technicians

9

Engineer Support Group
4 engineers
12 technicians

16

Cryogenic Support
1 engineer
2 technicians

3

Instrumentation Group

5

Draftsmen

2

Secretaries

__4_
TOTAL

76
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VI.

A.

COST ESTIMATES AND SCHEDULES

COST SUMMARY FOR CONSTRUCTION

The cost estimates for construction of accelerator, buildings,
experimental facilities (excluding experimental equipment), and beam transport
are presented in this section.

Costs for accelerator components are based

where possible on recent procurement experience at Argonne National
Laboratory.

Data obtained in constructing a prototype system have been used

to determine costs for the hexatron sector magnets.

Estimates for klystron

costs are based on data obtained in consultation with prospective vendors,
Varian Associates, Thompson, C.S.F., and Valvo Phillips.

Figures for linac rf

sections are based in part on current activties of the NBS-LANL 185 MeV
microtron project.

Building costs are based on current engineering data for

the Chicago area as reported in Means Cost Data;

Building Construction Cost

Data, 1982.
A conceptual design study by the architectural engineering firm of
A. M. Kinney Associates of a complete 2 GeV microtron facility completed in
February of 1982 has been used to provide supporting material.

Contingency

funds have been included in the estimates as follows:
Accelerator systems

20%

Facilities

20%

Engineering, Design, Inspection, and
Administration

15X

All costs are presented in FY83 dollars which are taken to be applicable to
costs as of October 1, 1982. The total construction costs in FY83 dollars is
$78.6 million including all contingencies and engineering costs.
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COST ESTIMATE SUMMARY
(Dollars In Thousands, FY83)

A.

Accelerator Components
I.

Injection System
Electron gun system
Chopper bwicher system
RF capture and llnac sections
Klystrons and accessories
Miscellaneous rf components
Cooling systems
Power supplies
Rf drive system
Instrumentation and control
Shipping, assembly, and testing

200
320
531
280
64
180
240
120
245
332
2512

II.

Hexatron Linac System
Wave guides and supports
Klystrons and accessories
Miscellaneous rf components
Cooling system
Power supplies
RF drive systems
Instrumentation and control
Shipping, assembly and testing

2335
2310
528
1155
2200
506
805
1187
11026

III.

Booster Microtron
Injection and extraction transport
End magnets
Support, alignment
Waveguides
Cooling systems
Klystrons and accessories
Power supplies, rf drive and misc. components
Steering and focusing elements
Vacuum
Instrumentation and control
Shipping, assembly and testing

154
255
10
156
60
140
306
443
199
150
299
2172
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IV.

Sector Magnets
Magnet core
Main coils
Correction coils
Support, alignment, cooling
Power supplies
Magnet guards
Instrumentation and control
Shipping
Assembly, testing, and miscellaneous

5875
1044

327
836
542
168
59
250
1676
10777

V.

Beam Containment and Extraction Systems
Quadrupole elements
Steering and orbit trim coils
Extraction elements
Power supplies
Support, alignment and cooling
Instrumentation and control
Assembly and testing

1432
1395
198
1775
1038
250
602
6690

VI.

Vacuum System
Chambers and manifolds
Pumps and instrumentation
Valves and hardware
Assembly and testing

642
1108
348
525
2623

VII.

Beam Diagnostics and Controls
Monitors and instrumentation
Local processors and controls
Computers and console
Interfacing and cables
Programming
Assembly and testing

1500
468
560
120
600
582
3830

Total hexatron cost
B.

39630

Beam Transport
Magnets and solenoids
Vacuum systems
Power supplies
Support, alignment, cooling
Beam dumps (5)

Instrumentation and control
Assembly and testing
5948
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C.

Buildings and Other Facilities
I.

Hexatron Area
Structural
Electrical services
Mechanical services

924
1259
130
2313

II.

High Resolution Area
Structural
Electrical services
Mechanical services

3190
161
93

3444
III.

Medium Resolution Area
Structural
Electrical services
Mechanical services

2185
196
99
2480

TV.

Monochromatic Photon Area
Structural
Electrical services
Mechanical services

2197
201
99
2497

V.

Beam Tunnels
2138
150
82

Tunnel structure
Electrical services
Mechanical services

2370
Total building costs

13104
58682

D.

Basic Costs Subtotal

E.

EDIA* (accelerator and beam lines)

F.

Contingency (20%)

6837
13104

Total estimate

Engineering, design, inspection, and administration

78623
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B.

CONSTRUCTION SCHEDULE AND MILESTONES

The use of existing facilities to house and service the accelerator
will result in substantial savings in construction time.

The ring building

which formerly housed the 12.5 GeV Zero Gradient Synchrotron is scheduled to
be available for installation of hexatron components within 12 months of First
Title III construction.

The design and construction schedule for GEM is

presented in Figure VI-1.

The total elapsed time from first funding to

operational accelerator status is 4 1/2 years.

Operational status is defined

to be first delivery of beam to experimental halls for scheduled research.

A

subsequent commissioning period of approximately one year is expected during
which accelerator parameters will be optimized and operational experience will
be developed in order to bring the normal production mode of accelerator
operations up to high efficiency.

A series of milestones are tabulated below

under the assumption that preliminary engineering and design for the project
begins in October of 1984.

Table VI-1.

GEM Milestones

1.

Project Authorized

2.

Title II design of modifications to ring

October 1984

building begins

February 1985

3.

First procurement of accelerator components

October 1985

4.

Title II design of beam transport begins

March 1986

5.
6.

Modifications to hexatron building completed
Beam tunnels and experimental areas available
for occupancy

October 1986
March 1987

7.

Sector magnet assembly and installation begins

July 1987

8.

Accelerator check out begins

October 1987

9.

Injector and booster microtron operational

March 1988

10.

Full accelerator operational, first beam

1989

208

RING BUILDING

7

TUNNELS a EXP. AREAS

7

ACCELERATOR

o oo
o oo
o
o

7

INJECTOR
RTM
LINACS
SECTOR MAGNETS
CONTAINMENT MAGNETS

7
7 o
7o

O

D
O

a
a

OHOL

CONTROLS
DIAGNOSTICS

7

o

O

O

o

DRTM

o

o
1

L

LINAC

H

HEXATRON

i

OH

&r

i

5

o

O
2

1

3
YEAR

rr
START TITLE I
v
PRELIM. ENG.

Q START

>S START TITLE It
FINAL ENG.

,-v TITLE III

v

DH
• RTM

O

EXPERIMENTAL AREAS

DH

DL

O

BEAM TRANSPORT

ft

a
OH

o

*

D

O

7 OL
7 t>

VACUUM

•

o o
o
o
o
o
o
o
o
oo

7O

POWER SUPPLIES

D

PROCUREMENT

vJ CONSTRUCTION

i

4

COMPLETE
START CHECKOUT
OPERATIONAL

Figure VI-1. GEM Design and Construction Schedule.
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C.

STAFF AND OPERATING BUDGETS

The profile of the operating staff presented in section V-C has been
developed to support a schedule of 5000 hours of production beam per year for
the GEM facility.

The total number of personnel is 76.

However, funding in

the operating budget supports the services of at least an equivalent number of
laboratory personnel through the use by the GEM facility of laboratory
services.

These will include machine shop and electronics division support,

industrial safety and hygiene, purchasing and stockroom services, central
computer facilties, custodial services, library services, graphic arts, travel
assistance, fire protection and plant security.
The estimated budget for accelerator operation is given in
Table VI-3.

Direct charges for electric power for facility operations are

itemized separately.

A breakdown of the power consumption of GEM for 4 GeV

operation is presented in Table VI-2.

Fixed manpower charges are based on the

staff as presented in Table V-I using current ANL Physics Divison rates.

An

item has been included to cover direct charges for support of 25 experiments
assumed to be completed annually on the three beam lines.

Klystron

replacement costs are based on a reported mean lifetime to failure of 20000
hours and assume that rebuilding costs will be 60% of original cost.

An item,

accelerator contingencies, has been included to cover unanticipated expenses
which characterize the routine operations of all advanced particle accelerator
facilities.
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Table VI-2. Power Consumption of GEM

ACCELERATORS
RTM
Hexatron
Total
kW

4 CcV CF.M

Extraction

M I'uwt-r
lnjoctor l.lnac
RTM
Hexatron
Totals

113

kVA 1
724
'.48 1
7346
8619 J

E*PERIMENTAL AKF.AS

550
120

Dacplng Magnets

Bean
Pole Face Wlndinge
65

22

218

164

Line
kW

573

1019

12

MRA
Spect roQ*
kW

HRA - 2 GeV
Seam Line
jSpeclroait
kW
t
kW
13

(Superronductlng)

144
11436
V218

Dlpole
Dlpole

J400
3930

ac
688
521
6979
8188

115

Sector Magne.s

Quods

dc
550
417
S583
6550

20

Electrostatic
Magnetic

Quadrupoles

rf

}5o

98
49

342

48
140

Water Puspe

2135
385

Refrigeration

10

110

24

Solenoids(Superconducting)
Subtotals

] uu

3!0

36
12

402

Spectrorj.
#
kW

30

108

(Superconducting)

MPA
fieaci Line

48
237

122

368

38

32

47

150

150

150

Totsl Load

2660

758

541

Total

3325

948

676

1011

3500

998

712

Kltw

t: Nuaber of HagnotB

Efficitncv

Grand Total*:

14. i5 MW,

U.H9MVA
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Table VI-3. GEM Operating Budget, Estimates
(in FY83 kilodollars)

1.

Electrical Power, 14.5 MW for 5000 hrs/yr

3625

2.

Fixed Manpower Costsa (76 x $54k)

4104

3.

Experimental Support ($35k/exp) (25 x $35k)

875

4.

Accel. Staff Materials and Services (20% of manpower costs)

820

5.

Klystron Rebuilding Costs, 78 x 1/3 = 26/yr @ $15k/unit

390

6.

Direct Allocations15

400

7.

Accelerator Contingencies0

400

8.

Indirect Charges'1 (21% budget excluding elect, pwr)

1468
TOTAL

12082

a

Based on operating staff shown in Table V-l using current ANL Physics
Division rates for professional staff, salaried and hourly employees.
Includes space charges and miscellaneous utilities.

c

l % of accelerator base capital cost.
Covers laboratory services, e.g. purchasing, library, safety, fire protection
and plant security, graphic arts, travel office*
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D.

COST SUMMARY FOR SPECTROMETERS AND ASSOCIATED EQUIPMENT

Although the scientific program for GEM has been developed in
considerable detail, there will be a construction period of ~4.5 years before
first beams will be available for experiments.

Scientific developments in

that period may alter research objectives and bring to light new experiments
of high priority.

We expect new advances in spectrometer design, therefore a

definitive configuration of equipment at this time is premature.
final choices should be made by the prospective user community.

Furthermore,
While the

selection of spectrometer systems presented here may have strong scientific
merit, it has been developed primarily for the purposes of planning the GEM
facility and should be regarded as preliminary.

A summary of costs for a

reasonable array of equipment which would be appropriate to the GEM facility
as proposed here is presented for budgetary purposes in Table VI-4. All costs
are given in FY83 kilodollars. The system includes a photon monochromator, a
high resolution coincidence spectrometer pair, a medium resolution coincidence
spectrometer pair, cryogenic facilities and data acquisition computer
systems.

For a detailed discussion of the conceptual designs and

specifications of these instruments, the reader is referred to Appendix C.

E.

FUNDING SCHEDULE

A funding schedule has been developed which covers all construction
costs, equipment for the experimental areas, and an operating budget which is
phased in to final level when the facility reaches steady operation in FY89.
The schedule in constant FY83 dollars is presented in Figure V'Z-2. An
escalation rate based on a yearly increase of 10% as prescribed by DOE,
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Table VI-4. Summary of Costs for Experimental Equipment
(all costs in FY83 kilodollars)
1.

Cryogenic facilities for superconducting magnets
liquid helium facility
liquid nitrogen distribution

2.

Data Acquisition Computer System

3.

Photon monochromator
split-pole magnet and support
beam dump magnets and supports
power supplies
vacuum system
shielding
installation

4.

$1920.0

$198.7

$596.1

540.5
538.0
159.0
125.6
100.0
87 .8
$1550 .9

$1550.9

High resolution spectrometers
LES spectrometer and carriage
vacuum system
shielding
power supplies
installation

HAS spectrometer and carriage
vacuum system
shielding
power supplies
installation
5.

$540.0
$100.0
$640.0

3412 .0

200.0
250 .0
200.0
800.0
$4862 .0

$4862.0

1277 .0

100.0
125.0
150.0
400.0
$2052.0

$2052.0

1255.0
150.0
200.0
185.0
250.0
$2040.0

$2040.0

Medium resolution spectrometers
4 GeV:

2 GeV:

MRS spectrometer and carriage
vacuum system
shielding
powfe.: supplies
installation

MRS spectrometer and carriage
vacuum system
shielding
power supplies
installation

TOTAL EXPERIMENTAL EQUIPMENT
EDIA (15%)
Contingency (20%)
TOTAL

709.0

110.0
200.0
181.0
150.0
$1350.0

$1350.0
$14371.0
$2155.7
$3305.3
$19832.0
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Figure VI-2. Spending schedule for GEM facility including experimental
equipment in constant FY83 dollars.

TABLE VI-5.

Financial Summary, GeV Electron Microtron
($ in millions)

FY1985
BA
Escalation
Multiplier

BO

1.21

FY1986
BA

BO

BA

1.33

BO

1.46

Operating

0

0

0.5

0.5

Experimental
Area Equipment

0.8

0.8

6.0

3.3

Construction

9.4

7.5

42.2

35.3

1.00 for FY83

FY1987

3.0

FY1988
BA

BO

FY1989
BA

1.61

BO

1.77

3.0

12.9

12.9

21.4

21.4

12

13.1

11.0

11.0

0

1.6

51.5

46.7

21.3

20.9

1.4

1.8
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Division of Nuclear Physics, October 1982, is tabulated in Table VI-5 where
the complete financial plan is presented.

Initial charges against the

operating budget in FY86 cover use of the existing buildings and facilities by
the construction staff, and their modification for installation of the
accelerator and ancillary facilities.

The capital equipment costs are based

on the components tabulated in Table VI-4.

F.

STAGED CONSTRUCTION WITH 2 GEV OPTION

A construction plan with an intermediate stage consisting of a fully
operational 2 GeV accelerator and experimental facilities has strong fiscal,
technological and scientific merit.

The accelerator can be designed to be

fully operational at 2 GeV with no loss in performance and with negligible
financial penalty for upgrading to 4 GeV in a staged manner.

The total

capital coat of the project consequently can be spread out over a larger
period, minimizing annual capital costs. There is considerable advantage to
initiating research in this new domain of nuclear research at lower energy,
thereby gaining experience to be used in optimizing the design of experiments
at higher energy.

Similarly, in regard to the accelerator design, the 2 GeV

option involves a configuration of linac rf structures which makes no demands
beyond those met by currently operational systems.

In addition, at 2 GeV the

absence of significant effects from synchrotron radiation will simplify the
dynamic behavior of the hexatron beam.

Finally, substantial savings in

operating costs will result during the period of operation in the 2 GeV
conflgura t ion.
Five options for staged construction of the hexatron have been
investigated.

Two options involved modified sector magnet configurations with
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field regions corresponding to half, i.e. 19, of the 36 1/3 turns
characteristic of the 4 GeV hexatron.

In these versions, the energy gain per

turn is 105 MeV and full rf power is required in the hexatron linacs.

They

were rejected because of the high cost of sector magnet upgrading for 4 GeV
operation and lack of savings in operating costs.

A second pair of options

involved sector magnet configurations with reduced yoke dimensions, but the
full field region corresponds to a 36 1/3 turn accelerating cycle.

In the

absence of requirements for subsequent upgrade to higher energies these
alternatives are the most cost effective.

The total capital cost of a 2 GeV

facility using sector magnets with reduced return yokes would be approximately
$63 million (FY83).

However, these options were rejected because of the

substantial accelerator down time which would be required for their upgrading
for 4 GeV operation.
The option chosen for the 2 GeV phase of a plan of staged
construction is based on a configuration with full sector magnets as designed
for 4 GeV operation, and modified hexatron linacs consisting of 9 sections per
side running at a gradient of 0.95 MeV/meter.

Power requirements for the rf

and magnetic components are correspondingly reduced, and eventual upgrade to
4 GeV operation can be accommodated by component additions with minimal
interruption of normal accelerator operations.

In this mode of 2 GeV

production beam, the interim savings in capital cost would be $12.7 million
(FY83 dollars) and $2 million in operating costs.
from saving in electrical power needs.
the 2 GeV phase are given below.

The latter comes mainly

The summary of construction costs for
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Cost Estimate Summary
(Dollars in Thousands, FY83)
2 GeV
Option
A.

Accelerator Compounds
1. Injection system
2. Hexatron linac system
3. Booster microtron
4. Sector magnets
5. Beam containment and extraction systems
6. Vacuum system
7. Beam diagnostics and controls

2512
5623
2172
10581
5699
2623
3830

4 GeV
Upgrade

0
5954

0
286
991
0
0

B.

Beam transport

3886

2062

C.

Buildings and Other Facilities
1. Hexatron area
2. High resolution area
3. Medium resolution area
4. Monochromatic photon area
5. Beam tunnels

1692
3444
2465
2463
2371

621
0
15

49361

9963

34
0

D.

Basic costs subtotal

E.

EDIA (A & B only)

5539

1394

F.

Contingency (20%)

10980

2271

G.

Total estimate

65880

13629
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VII.

A.

RESEARCH MODE AND USER SUPPORT

OPERATION AS A NATIONAL FACILITY

GEM 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 the Los Alamos Meson Physics Facility and the
Bates-MIT Laboratory, with a national membership will review all proposals and
provide priority ranking and recommendations for scheduling.

Actual

assignment of beam time will be the responsibility of the facility management.
One of the first concerns of the user community will be the design
of the experimental facilities, particularly the spectrometer and data
acquisition systems.

The character of these instruments will be determined by

the needs of the scientific program.

However, there has been a continuing

discussion in the research community of progress and opportunity in the area
of spectrometer design.

The workshop on High Resolution and Large Acceptance

Spectrometers held at Argonne [Ne 81] is one example. A user panel will be
convened at the earliest opportunity and a user group will be organized to
develop spectrometer designs and to outline the basic needs of the research
program.

To the extent that resources are made available, interested and

competent university and other non-Argonne groups will be invited to assume
responsibility for design and supervision of construction of these systems.

B.

USER SUPPORT SERVICES

A wealth of support services are available to assist users, which
make siting a national electron accelerator at Argonne attractive.

Effective
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utilization of these services will greatly enhance the scientific productivity
of GEM researchers.

Some of the services available and siting advantages are

listed below:

1.

Convenience and Accessibility
Argonne is located 25 miles southwest of Chicago. It is
centrally located in the nation and is only about one-half hour driving
time from O'Hare Airport, the world's busiest airport with 2000 takeoffs
and landings a day and daily service to every major airport and most minor
airports in the country.

The Laboratory has a lodging facility with 112

rooms and apartments on site for visitors to Argonne, a travel office and
a cafeteria.

2.

Machine Shop Services
The Central Shops at Argonne have a staff of 105 people
including approximately 85 journeymen machinists, manufacturing engineers,
instrument makers, model fabricators, welders, grinders, precision
opticians, and other specialists.

The shops contain basic machines such

as lathes, milling machines, planers, and grinders, but also specialized
equipment such as numerical controlled machines, electron beam welders,
electro-discharge machines, and x-radiography and ultrasonic testing
equipment.

The staff provides machine shop and other related services for

fabricating "one-of-a-kind" components, apparatus, and equipment needed in
scientific programs and also assistance in cost estimating, procurement of
raw materials and vendor items, and manufacturing and fabrication
procedures.
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3.

Plastics Shop
The plastics shop is a 6400 sq. ft. area dedicated to building
custom apparatus needed for the operation and experimental exploitation of
a large particle accelerator facility.
are installed there.

Some 60 major items of equipment:

Of special interest are the ovens, pum^c, etc. to

vacuum impregnate and cure the insulation systems of large magnetJ coils
and high-power rf structures; facilities for vacuum deposition of thin
metal films, ceramic flame spraying, and scintillator manufacture are of
particular importance.

4.

Electronic Services
Personnel of the Electronics Division collaborate with
scientists to define and solve instrumentation and detector problems.
Areas where assistance is provided include application techniques, systems
specification, circuit design, circuit construction, maintenance, circuit
modification, and documentation.

The division has staff in six groups:

Data-Acquisition and Processing Systems, Digital Instruments and Systems,
Fabrication and Maintenance, Measurement and Control Systems, Radiation
Instrument, and Reactor and Low-Frequency Electronics.

5.

Engineering Services and Graphic Arts
A staff of 152 Is available in the Engineering Division to
provide facility engineering, design and drafting services.

The Graphic

Arts Department has 60 staff members to prepare copy, print and bind
technical reports and other printed matter, provides industrial
photography facilities for black-and-white and color material, and
prepares visual material such as displays, exhibits, slides, and
11lust ratlone.
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6.

Occupational Health and Safety
The Occupational Health and Safety Division has an extensive
body of experience and expertise in place, built on thirty years of close
collaboration the the Laboratory's experimental program.

They have the

ability to perform hazard evaluation and safety reviews of experimental
arrangements and equipment, to monitor and measure generated radiation
fields, to perform necessary personnel radiation dosimetry both internal
and external, and to evaluate personnel exposures to non-ionizing
radiaton, noxious gases, mists, vapors, smokes, dusts, and excessive
noise.

7.

Computing Services
Argonne has a computing complex that includes three large IBM
computers, two 3033's and one 370/195.

The two IBM 3033's use the MVS and

VM operating systems, while the IBM 370/195 uses OS/MVT.

A Wylbur

interactive system provides text editing and batch job submission, a
VM/CMS system provides interactive computing services, and a Job Entry
Subsystem controls the routing of batch jobs to any of the three IBM
computers.

These computers and their associated peripheral equipment

provide 19 billion bytes of on-line storage in disks and drums, 24
magnetic tape drives, 55 remote job rntry stations distributed throughout
the laboratory complex, a multiplicity of input and output devices, and
extensive libraries of mathematical, statistical, and graphical programs
and subroutines.

The staff of the Computing Services Division provides a

variety of services, including user consulting and assistance, user
education courses, data preparation, programming services, and guidance
for computer acquisitions, telecommunications, and minicomputer
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applications.

The central computing facilities will be linked to the GEM

complex by a communications network with local terminals and HASP work
stations.

8.

Library Services
The Technical Information Services Division of Argonne operates
eight library locations on the site.

The media collection includes 75,000

books, 3000 journal titles, 1500 journal subscriptions, and 750,000
technical reports.

The Technical Information Services Staff has 33

experienced professionals to assist in on-line data base searches,
reference service, interlibrary loans, and journal translations.

9.

Rigging Services
Rigging service provides standard rigging such as moving,
lifting, and hoisting heavy or awkward loads and specialized services such
as those needed for experiments or transport of critical materials.
Properly qualified specialists are furnished to plan, move, and handle
critical materials and other rigging work.

10. Multldisciplinary Research Staff
Argonne has approximately 20 technical and scientific research
divisions which employ more than 4200 people, of whom about 1,550 are
scientific and professional staff.

Argonne scientists can provide a

valuable resource of consultation and collaboration over a wide range of
interests to potential users of a national electron accelerator facility.
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li. General Site Services
The Argonne site already has in place a fire department with
firemen and paramedics on duty at all times, full plant security
protection, site and ground maintenance crews, a fully equipped travel
office, and a health and medical office.

In addition to these specific

services, office space and laboratories (Bldg. 360 - see Figure Vll-la)
immediately adjacent to the GEM facility will be reserved for use by GEM
experimental teams. High bay assembly and test areas (Bldg. 362 - see
Figure VII-lb), with crane service, and other shop facilities in the GEM
area will also be available to research teams.

C.

GEM USERS GROUP

To guarantee the effective participation of the user community in
the design and operation of the GEM facility, a formal user organization is
planned.

The primary purpose of this organization will be to provide a

channel of communication among scientists active in research related to the
GEM program and between the scientific community and the GEM facility
management.

The organization will provide a structure for organizing the

participation of scientists end engineers in specific projects in the GEM
program, and it will serve as an entity representing the interests of its
members and offering advice and council to the GEM management on operating
policy and facilities.

The exact character of the GEM user group will be

determined by the user community at the earliest appropriate date by means of
an organizational meeting which will develop a formal set of articles of
incorporation.

It is fully expected that the GEM Laboratory Users Group,

GLUG, will reflect the world class character of the research planned and will
be International in its membership.
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Figure VII-la (upper section).
Figure VIT-lb (lower section).

Building 360
Building 362

office, laboratories and shops.
High Bay Staging Area

I
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APPENDIX A
REGENERATIVE BEAM BREAKUP

The maximum electron current which can be accelerated in 100% duty
factor recirculating accelerators is determined by the onset of regenerative
beam breakup (RBBU).

This phenomenon which is peculiar to recirculators,

arises because CW beams can excite transverse deflecting modes in the linac
sections.

These modes produce forces on the injected beam which drive it out

of the acceptance region of the accelerator on its first traversal of the
linac when its magnetic rigidity is lowest.

This type of breakup has been

studied in some detail by Volodin and Hanson [Vo 75], Herminghaus and Euteneur
[He 79], Vetter fVe 80] and Rand [Ra 81]. The description by Rand is based on
the standing wave treatment of Schwettman and Vetter [Sc 79].
The lowest order transverse modes which can cause RBBU are the TMJ^Q
mode and more generally the HEMJ^Q mode.

The field pattern for these modes is

shown in Figure A-l. They act as deflecting modes because of the odd spacial
dependence of the transverse H field under reflection about the linac
center. Any small beam displacement from central orbit will result in an
additional deflection of the beam which will be focusing or defocusing
depending on the rf phase of the field.

The beam is most sensitive to such

forces on its initial traversal of the linac when its momentum is lowest. The
coupling of such beam motion to the rf modes arises from resulting
displacement of the recirculated beam which under favorable conditions can
couple additional energy into the transverse mode and produce a regenerative
growth in the beam displacement.

The coupling is possible because of the

spatial properties of the longitudinal electric field which result in energy
transfer from beam to the transverse mode If the phase of the displacement is
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Figure A-l. Schematic representation of Regenerative Beam Breakup.
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leading to beam breakup.

ss/r/////:
H FIELO LINES

ORBIT OPTICS

I

correct.

E FIELD LINES

LINAC

There will be some threshold current above which the rate at which

energy is transferred to the mode exceeds the rate at which it is dissipated
in the walls of the cavity.

Above this threshold the stored energy in the

mode will grow according to the time dependence:

E = E n exp [-

increasing the beam displacement until it is lost.

Ig is the threshold

starting current and Q is the quality factor for the transverse mode.
The mechanism for RBBU is illustrated schematically in Figure A-l in
a racetrack microtron. Assume some noise or residual field causes a small
deflection of the first turn.

Depending on the recirculating optics the

return pass may experience a substantial displacement and if the beam phase is
correct, the electrons will experience a retarding field. A transfer of
energy from the beam to the deflecting mode will result.

The increased field
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strength in this mode will cause an additional deflection of the first turn
beam, which will in turn increase the power in the deflecting mode until the
beam is lost.

The mechanism is complex and the recirculation optics play a

crucial role since they determine both the lateral position and phase of the
beam.

To develop a credible model for the process in a specific recirculator

one must know the properties of the transverse deflecting modes in the linac
structures, their frequencies and Q's, the details of the orbit containment
optics, and the exact geometries of the particle trajectories.

The linac and

beam optics in a specific design must be optimized for maximum starting
current.
Rand has developed an approximate formula which does not take
account of the detailed features of the accelerator structure or of the beam
optics of the accelerator, but which is useful for estimating the magnitude of
starting current for regenerative breakup, and assessing its dependence on
various parameters. The Rand "rule of thumb" for multi-sided microtrons is

ig

where M varies from 1 to 5 x 10
optics.

M y j l + Y h, J Ln
«—^2
^~2
L
o

<A-1)

amps depending on the recirculation

The electron energy at injection is y±, y± is the electron energy at

the center of the first isolated linac section, yQ is the energy gain per turn
in units of mQc , Lg is the linac section length, L o is the total linac
length, and N is the number of cells per linac section.

Finally n is the

number of turns to extraction energy, and Q L is the loaded Q of the HEM
deflecting mode.

It is evident from this formula that high injection energy,

minimum number of recirculations, and highest accelerating voltage gradient
together with shortest possible linac allow the highest starting currents.

230

A more detailed treatment of this model of RBBU has been [Ra 81a]
used to estimate starting currents for a number of proposed recirculating
accelerators.

Parameters for these systems as used in the calculations are

tabulated in Table A-l together with the estimates for the starting
currents.

The "worst" value is obtained from equation A-l while the typical

value results from a more detailed treatment.

Because the properties of the

transverse modes in the rf structures are unknown, a continuous spectrum of
frequencies extending over the full range of interest was assumed.

The

calculations for the Stanford recyclotron which uses a superconducting linac
with 3 turn operation gives results in rough agreement with the observed
statting currents of ~20 yamps.

These results serve as a benchmark test of

the calculations, and the experimental confirmation gives some confidence in
the treatment.

Estimates of the threshold for RBBU in the GEM design can be

made by extrapolating these data with the aid of equation A-l.

While such an

extrapolation is, of necessity, crude, the results suggest that the proposed
design will operate comfortably below the expected RBBU threshold.

If

equation A-l is used as a figure of merit the GEM hexatron is close to the
LANL DSM design of Table A-l.

The essential differences in the GEM design are

shorter linac sections, a larger energy gain per turn, and a longer total
linac length.

The predicted threshold for RBBU in this case is » 740 yamps

(worst case), well above the expected maximum current for GEM of 300 yamps.

A

similar comparison between the GEM booster microtron and the NBS/LANL RTM is
also favorable.

Here, the essential difference is an injection energy for the

ANL RTM of 23 MeV instead of 5 MeV.

The threshold for RBBU is expected to be

correspondingly larger.
Attempts to observe RBBU in room temperature recirculators thus far
have failed.

A 3.4 MeV 20 turn race track microtron has operated routinely

Table A-l. Regenerative BBU in Proposed Recirculating Accelerators

Institute

NBS/LAKL

NBS/LANL

MIT

Stanford

Stanford

ANL

ANL

HIT

W Type

NC

NC

NC

SC

SC

NC

NC

NC

Reclrc. Type

RTH

RTM

RC

RC

RC

DSH

DSM

RC

Final Energy (MeV)
Passes

Structure L (•)
Loaded Q

185

185

740

130

2000

2000

2000

2000

15

15

2

3

10

40

36

14

5.66

0 .81

4.0
2 x 10 4

Beae Optics

BBU°Energy (MeV)

I,(uA) calc. worst
I,(uA) typ.
Design

8.0

8.0

.35

2 x 10 4

2 x 10 4

Mln 0

a » 4.0

8.0

58.8

2 x 107

r 1

I 0
8.75

2 x 10 7

0i

1J

,1
1
0
51.7

0 ,
1J

4.0

4.0

4.0

2 x 1O4

2 x 104

2 x 1O4

Mln 0

Mln 0

o - 4.0

7.5

187.5

20.0

330

830

120 mA

24

190

360

740

350

1300

3200

120 mA

34

340

1400

4600

1600

550

550

10 mA

20

300

300

300

SC » Superconducting, NC • Normal Conducting, RC - Recyclotron, RTH » Racetrack Hlcrotron, DSH - Double-sided Microtron

NJ

I-,
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[Au 81] with CW beams of up to 90 yamp.

Attempts to test breakup calculations

have been made [Eu 81] by looking for amplification of transverse beam noise
imposed by means of an rf cavity on the injection path.

The beam noise, at v

= 4175 - 4205 MHz was detected by a similar cavity at the output of the RTM.
No evidence of a resonance of beam noise was observed, although the region
near 4200 MHz is expected to be particularly troublesome.
In summary, the limited evidnnce available suggests that there is
not a fundamental limit imposed on the design presented here at the operating
levels proposed.
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APPENDIX B
EFFECTS OF SYNCHROTRON RADIATION IN A HEXATRON

In this appendix, the equations are developed for calculating energy
loss, radiated power, spread in beam energy arising from quantum fluctuations,
and transverse emittance growth.

Source material is drawn from references by

J. D. Jackson [Ja 67] and Matthew Sands [Sa 71].
In the discussion which follows we use accelerator parameters
appropriate to the hexatron design described in i.ection III of this report.
The energy radiated by an electron in traversing a 120° bend is given by

<SE(KeV) = 29.500

t E

^V)]

(B-l)

where the radius of curvature p is given as

,N
p(m)

33.3567 E(GeV)
T(kG) "

The field we assume B Q = 10.15 kG so we can rewrite (B-l) as

6E (KeV) = 8.9765 [E(GeV)]3

(B-2)

Thus at E • 4 GeV an electron radiates 1.723 MeV/turn. We can calculate the
total power radiated by the beam for each turn.

PF(watts) - 8.85

I(amP5) E

The result is

p((gV)

for 300 uA and E - 4 GeV the loss is 517 watts.

X 104

(B-3)
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The critical quantum energy is given by

3-

where y = E/m (u = 10.800 keV at E = 4 GeV). The mean square energy spread
introduced per radian of bend is given as

2/3 137 27

and for a

2TT/3

bend we obtain the value

<(AE)2> = 86.56 * ^ e V ) _

with the result in (keV) 2 .

(B-4)

For the hexatron E/p = 0.029979 B Q (kG) giving

c
2
<(AE) > = 8.015 E J (GeV). This expression can be integrated around the machine

<(AE)2>

= 8.015 I
i=1

E5 (GeV)

(B-5)

where i represents one-third turns in the machine we obtain the
rms [<(AE) 2 >] 1 / 2 = 395 keV.
The actual spread in beam energy is measured by the root-mean-square
(rms) deviation from the mean beam energy.

If we assume on the average, n

photons are emitted by an electron during a bend of 2tr/3 radians, the
resulting total rms deviation will be related to tin rms fluctuation for
single quantum emission according to the equation

<(AE -<AE» 2 > - n (<u2> - <u> 2 )
- «AE) 2 > - 6E2/n
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where n is given by [Sa 71]
1042TT
n =

E(GeV)
6/3 137

with AE and 5E given by equations (B-2) and (B-4).

To obtain the beam spread

at the extraction energy of 4 GeV this expression must be summed over n third
turns.

Neglecting the effect of synchrotron oscillations induced by photon

emission we find

<(AE - <AE>)2> = 6.189

J E^ (GeV)
i=1 1

(B-6)

Evaluating this equation in the same manner as (B-5) we find 347 keV for the
rms energy spread induced in the beam by quantum fluctuations.
The mean square angular divergence introduced by synchrotron
radiation in two 60° bends can be written as [Eu 81]

2
6 u
)
>
°y > - o,6ow>
<(A8

(B_7)

At 4 GeV the rms value is 12.2 x 10~° radians. The total mean square angle
for the machine is

l
i=1

The calculated rms angle is 0.085 x 10~* radians.

The value of the beta

function at the center of the linac, 0 = 15 m, can be used with this angular
divergence to estimate the emittance growth resulting from quantum
fluctuations in the synchrotron radiation.

The resulting emittance inferred

at 4 GeV, e • 0.11 IT mm-mr, indicates that although the beam emittance will be
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limited by synchrotron radiation at 4 GeV, it still will be within the design
objectives for the accelerator.

Furthermore, in this calculation we have

neglected the focussing effect of the optics in the dispersive straight
section between each pair of 60° bends, which will provide some damping of the
growth in beam divergence.
A more precise computer simulation of synchrotron radiation effects
in the hexatron has also been carried out.

The motion of the "center of

bunch" electrons in longitudinal phase space from injection to extraction at 4
GeV is presented in Figure B-l.

These data were obtained by neglecting the

effects of quantum fluctuations, and using mean values for the radiated
quantities.

The nonlinear effects in the rf accelerating voltage are included

in the calculation.

The results indicate that the net effect of the

synchrotron radiation is to produce a shift in the mean energy and phase slip
at 4 GeV of 27 keV and 53 mr.
To determine the effects of fluctuations in synchrotron radiation, a
more detailed computer treatment was used to follow each of N electrons from
injection to extraction.
into sections.

In this treatment, the sector magnets are divided

Within each section the number of photons emitted by each

electron was chosen at random from a Poisson distribution.

Each photon energy

is chosen at random from the known photon energy distribution.

The sum of the

photon energies for each electron is the energy loss for that electron in the
section.

The results are presented in Figure B-2.

They indicate that

electrons starting with a 90% area in longitudinal phase space of 30 TT
keV-degrees arrive at 4 GeV with a 90% area of 1600 TT keV-degrees.

The half

width of the energy spread at 4 GeV is ±350 keV which is consistent with the
estimate based on equation B-6.
in the energy distribution.

There is no evidence for a substantial halo
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Figure B-l. Center of bunch motion of electrons
injection to extraction at 4 GeV.
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Figure B-2. Distribution of electrons in longitudinal phase
space at 4 GeV circles describe the 50, 90 99% containment limits
and correspond to emittances of 462, 1546, and 2881 IT keV degrees.
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APPENDIX C
SPECTROMETER DESIGN

1.

Introduction
Optimal utilization of the proposed electron accelerator requires an

investment in experimental equipment.

Magnetic spectrometers, the most

versatile and precise tools for detection of charged particles, will play a
major part in the experimental facilities for a new accelerator.

In the

following sections conceptual designs for high and medium resolution
spectrometers and a photon tagging system are presented.

In developing the

designs of these instruments, the primary goal was to fulfill the requirements
of experiments discussed In section II of this proposal and in Future
Directions in Electromagnetic Nuclear Physics [Do 8 1 ] . The support
facilities, buildings and utilities, for these instruments are proposed in
section IV on the basis of the following designs.

The proposed spectrometers

and photon tagging system utilize innovative concepts and technology in order
to provide unprecedented precision and flexibility.

It should be emphasized

that conceptual designs and not final designs are presented.

Furthermore,

there are other types of detectors such as out-of-plane spectrometers and ir°
detectors, that must be considered for such a facility that are not discussed
in detail here.

It is expected that the scientific community would fabricate

these special detectors as the experiments arise.

It is essential that one

experimental area be kept flexible in order to accommodate these new detectors
as they are developed.

Thus, the monochromatic photon area has been designed

so that electron scattering experiments also can be accommodated.

Thus, in

addition to photon tagging, this area has been designed with the same
shielding and beam dumping capabilities as the medium resolution area.
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2.

Photon Monochromator
Some typical experiments which have been suggested for the

monochromatic photon area are photo-production of hypernuclei, photo-pion
reactions in the A and N* resonance region and photo-nucleon production in
nuclei.

The photo-kaon reactions (y,K+) in nuclei represent a new

opportunity, the implantation of strange baryons (A or Z) into deep-lying
shells of heavy nuclei.

This class of experiments places the most stringent

requirements on the Monochromatic Photon Area.

The photon flux and energy
7

1

^

resolution required for that type of experiment are ^10's~J- and hE^fZ^ £ 10" »
respectively.

In addition, some of the proposed photo-proton experiments

[Do 81] alsc require a high photon intensity and good resolution.

Presently,

the only known method for producing this high flux along with high resolution
is the photon tagging technique.
The tagging of bremsstrahlung photons was selected as the method
most suitable for providing monochromatic photons.

This method provides the

greatest known flux of photons (J>10' s-*) at the highest resolution
(AE~/E,, X 10

).

In addition, this method provides an essentially continuous

energy spectrum of tagged photons. Photon tagging is particularly well-suited
to experiments in which the energy dependence of a photo-reaction is to be
determined.

In addition to the 100% duty factor of the accelerator, there are

four major Issues which must be considered for the design of a high-flux
photon tagging system: (i) one must tag as much of the bremsstrahlung
spectrum as possible, (ii)

the primary electron beam must be diverted from

the experimental area in as clean a manner as possible, (iii)

the system

which transports the electron beam from the room should interfere minimally
with placement of detectors or spectrometers in the experimental area and
(lv)

the unused portion of the photons should be dumped in as clean a manner

ae possible.
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The spectrometer should have a large momentum acceptance in order to
tag a large portion of the bremsstrahlung spectrum.

In addition, it should

have a good ultimate resolution AE e /E e ~ 1 0 - ^ in order to produce a resolution
of the photon of ~10

.

Finally, this electron spectrometer need not have a

large solid angle, since the electrons which produce bremsstrahlung emerge
from the converter in a small cone.

Thus, an Enge split-pole magnet has been

selected as the photon tagging spectrometer.

A schematic diagram of a

monochromatic photon facility which exploits the large momentum acceptance of
an Enge split-pole magnet is shown in Figure C-l.

The parameters for the

split-pole magnet design considered here are similar to those of Spencer and
Enge [Sp 6 7 ] . The design goals for the split-pole tagging magnet are given in
Table C-l.

The momentum acceptance of the split-pole spectrometer is

expressed in terms of the ratio of the maximum to the minimum momentum and for
the present case P m a x / P m i n

=

3.0.

Some typical ranges of tagged photon

energies for a single setting of the split-pole magnet are given in
Table C-2.

For a 2.0-GeV, incident electron beam, the split-pole spectrometer

can be adjusted so that photons with an energy range of 1.4 to 1.8 GeV can be
tagged, simultaneously.
The photon monochromator for a 4-GeV electron facility should be
capable of high-resolution, AE^/Ey ~ 10" .

For example, photo-kaon

experiments which have been suggested already require a resolution of 10
10
=10

.

J

to

A typical resolution to be expected from a split-pole magnet, of A p g / p e
has been assumed.

The hexatron will produce a primary beam of

excellent resolution, (~10~*), and thus, dispersion matching of the photon
tagging spectrometer to the electron beam need not be
considered.

Then the resolution is given by

[(AE1 2 + (AE «) 2 ] 1/ 2/(E o - E ')
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SPLIT-POLE PHOTON MONOCHROMATOR
^ R E T U R N YOKE
RADIATOR
2.0 GeV

B

= 40.0kG

SUPERCONDUCTING COILS

TARGET
POSITION

PHOTON BEAM

BEAM CORRECTION
DIPOLE

Figure C-l. Side view of schematic diagram of photon tagging magnets for
the proposed Monochromatic Photon Facility. The use of a split-pole tagging
magnet dramatically enhances the energy range of the tagged photons.
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Table C-l.

Design goals for the split-pole tagging magnet.

Split-pole Characteristics

Design Goals

Maximum bend radius (cm)

133

Maximum rigidity (MeV/c)

600

Solid angle (msr)

1.5-3.0
3 .,0

Maximum resolution

5 x 10-*

Maximum field (T)

1.,5

Table C-2. Expected tagged-photon energy ranges for a single setting
of the electron beam energy and the split-pole tagging magnet.

Tagged photons

will be available at energies throughout the range 0.2 - 3.9 GeV.

e

y

(GeV)

(GeV)

0.5

0.35 - 0.45

1.0

0.70 - 0.90

2.0

1.40 - 1.80

3.0

2.55 - 2.85

4.0

3.40 - 3.80

AE Y /E V

<4.5 x 10 - 4 - 1.5 x 10~ 4
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where E e and E e ' are the incident and scattered electron energies,
respectively.

The resolution from the present design, with A E g / E e = 10" and

AE e '/E e * = 1 0 ~ 3 is given by

-Tjl- (10" 8 E

E

Y

2

e

+ l O ^ E ' 2 ) 1 ^ / (E

e e

- E')

e

Thus, the best resolution expected from the monochromator is 1.5 x 10

.

A

solid angle of 3.5 to 3 msr is expected for the split pole magnet and this is
an adequate acceptance for the bremsstrahlung-producing electrons even when
multiple scattering in the converter and incident beam emittance are taken
into account.
The photon flux from the monochromator is limited by the counting
rate of the electron detectors in the focal plane of the split-pole magnet.
As a first step in minimizing the background, the electron counters should be
Cerenkov counters which would be sensitive primarily to the electrons.

The

double focussing property of the Enge split-pole magnet means that the
Cerenkov counters can be relatively small.

In turn, these Cerenkov detectors

should be fixed to fast-counting photomultiplier tubes so that a timeresolution of ~5 ns can be achieved.

This means that the electron counters

can be operated at an overall rate of 5 x 10
approximately 10% of the real rate.
of 5 x 10

s

s

with an accidental rate of

Thus, one would expect that a photon flux

to be presently a practical upper limit.

Of course, in order

to achieve these high fluxes with the photon tagging method it is absolutely
essential that the electron accelerator have a 100% duty factor.

In order to

achieve the highest resolution for the Enge split-pole magnet, wire counters
would be used in conjunction with the Cerenkov detectors.

A spatial

resolution of 2 to 6 on Iβ necessary for a resolution of 10" * for the electron
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energy.

For a bremsstrahlung converter of 10~-* radiation lengths

approximately 50 nA of electron current would be necessary to produce this
flux.

However, the experimental area has been designed to accept 100 uA of

electron beam current in order to accommodate experiments which use untagged
bremsstrahlung or electron scattering.
In order to produce a high-flux tagged photon beam the background in
tho vicinity of the electron counters must be minimized.
for the requirement of a cleanly dumped electron beam.

This is the reason
The primary electron

beam is diverted by the first pole of the split-pole magnet into a second
superconducting dipole which steers the beam into a well-shielded beam dump
(See Figure C-l). A third small dipole is used to correct the path of the
electron beam and to ensure that the primary beam can be dumped for all
possible settings of the Enge split-pole magnet.
consists of three separate sets of coils.

The superconoducting dipole

Superconducting coils were chosen

for the beam dump so that the distance between the radiator and the target
(8.0 m) could be minimized.
beam spot on the target.

This precaution ensures a relatively small photon

It is also essential to minimize the effect of the

bremsstrahlung-producing electrons which fall outside of the tagging range.
The majority of these electrons occur at the higher energies.

The return

yokes of the magnets have been arranged in order to ensure that these
electrons do not scatter or produce radiation in the vicinity of the electron
counters.

Note that the return yokes, shown in Figure C-l are placed so that,

interactions between an electron and the yokes are minimized.

Also note that

electrons of energy 0.5 Efi to E e are steered into the general vicinity of the
primary electron beam dump.

The yokes near the focal plane act as shielding

for the focal plane and the upper yokes help shield detectors in the room from
Che photon monochromator.

These iron yokes are approximately 50-cm thick.
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In this design, the target position is located 8.0 m from the
bremsstrahlung converter.

If the electron beam emittance (0.2 it mm-mr),

multiple scattering in the converter and the cone of emitted bremsstrahlung
are taken into account, the photon beam spot size at the target can be
maintained at ^1.0 cm FWHM over the full operating range of the
monochromator. This is an important consideration for the use of
spectrometers in the photon area.

The beam height is located 2.0 m above the

floor in order to accommodate large detectors, for example, a ir° spectrometer.
The primary electron beam would be dumped below the ground level so
that the physical placement ?f detectors or spectrometers would not be hindered by
the beam dump.

A top view of the proposed photon area is shown in Figure C-2.

Detectors could move freely on both sides of the photon beam axis. This freedom
is especially important for coincidence measurements.

The largest reaction

angle that can be attained with this system is approximately 150°.
The photon beam will also be dumped in as clean a manner as
possible. The photon dump is expected to minimize background produced by
photons which do not interact in the target.

In addition, the photon dump

area also serves as an electron dump in the event that an electron beam is
required at the target position and for tune-up purposes.
It is expected that a wide variety of detectors will be used in the
Monochromatic Photon Area.

Some typical detectors are large acceptance and

medium resolution spectrometers, low energy charged pion or kaon spectrometers
and TT° spectrometers.

The photon facility is designed to accommodate these

types of detectors. Another criterion for the design of the photon area is
that the facility accommodate up to two medium resolution spectrometers.

The

characteristics of these typical magnetic spectrometers are discussed in
detail in the section entitled Medium Resolution Spectrometers, Appendix C.4.

247

SPLIT-POLE PHOTON MONOCHROMATOR (sppm)

RADIATOR

->

TO PHOTON
OR ELECTRON
BEAM DUMP

Figure C-2. Top view of the proposed Monochromatic Photon Facility.
Since the primary beam is dumped below grade, there is access to both halves
of the scattering plane.

Another consideration is the matching of spectrometer momentum
acceptance with the range of tagged photon energies produced by the tagging
magnet.

If an incident electron energy of 0.5 GeV is considered, then for a

single setting of the photon-tagging magnet the photon energy range could be
0.35 to 0.45 GeV, as shown in Table C-l.

This represents a range in photo-

produced pion momenta to a given state of approximately 25% of the full
range.

This momentum range falls within the range expected from a large

acceptance or medium resolution spectrometer.

However, for photo-produced

protons which decay to a given state the momentum range is approximately 152
of the full range.

Thus, even with the large tagged photon energy range

afforded by the Enge split-pole tagging magnet, it can still be the liaicing
feature for some experiments.
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3.

High Resolution Spectrometers
The High Resolution Area is intended primarily to provide the

capability for coincidence studies with high resolution.

In addition, single

arm experiments requiring very high resolution will performed efficiently. The
concepts presented in this section should not be considered as final designs,
but rather viewed as an approach which can be refined to provide an optimum
system for both coincidence and single arm experiments.

Conceptual designs of

two matching high-resolution spectrometers are presented in this section.

Design Objectives:

The design objective is to provide an arrangement for

investigating the longitudinal nuclear response function for discrete states
(discussed in Section II) via (e,e'p) reactions.

This requires coincident

detection of emergent electrons with momenta of approximately 1.5 GeV/c and
emergent protons with momenta of about 1 GeV/c

Moreover, the kinematic

conditions demand the detection of electrons at forward scattering angles
where overall flux rates are high.

In addition, separation of discrete states

implies a system resolution, AE/E, of <10~^ while specification of kinematic
conditions necessitates measurement of scattering angles with a precision of a
few mr.

The low cross sections involved also make large acceptance in both

momentum and solid angle a highly desirable feature.

An additional objective

is to provide the capability for very high resolution, Ap/p «* 10" , single arm
studies of electron scattering.

This capability is needed for resolving weak

states in the presence of other nearby states or significant backgrounds
arising from radiative tails.
In older to accommodate both objectives, a system involving two
spectrometers is proposed.

The primary spectrometer, intended for detection

of high energy electrons from Che (e.e'p) reaction, fulfills the requirements
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of high resolution for single-arm experiments while providing large acceptance
and high count rate capability.

The second spectrometer, intended primarily

for proton detection, operates over a more limited range in momentum and has
somewhat lower resolution, but has larger acceptance.

As a result of this

asymmetric arrangement, the overall resolution in coincidence experiments is
determined primarily by the second spectrometer.
The design objectives for the two spectrometers, J^arge JElectron
jspectrometer (LES) and the JiAdron Spectrometer (HAS), are listed in
Table C-3.

At the present time, the resolution requirements suggest that iron

magnets be utilized rather than fields shaped by superconducting coils.
limits the field to a maximum of about 1.7 T.

This

As discussed below, however,

superconducting technology is utilized extensively in the proposed designs.

Spectrometer Designs
The accelerator provides variable energy electron beams with
transverse phase space in both x and y of approximately 0.2 mm-mr and
longitudinal momentum spread, Ap/p

ft

10~ . If a 100 pA beam, were focussed to

a small spot size upon a target, the local heating would be i;igh enough to
rapidly burn a hole in the target.

Rather than attempting to preserve the

target by moving it rapidly, it is proposed to disperse the beam on target in
both x and y directions - a beam spot of about 1 cm x 1 cm is sufficient.

Use

of a dispersed beam appropriately prepared by the beam transport system then
implies that at a given location on the target, a momentum spread
significantly smaller than 10"-* can be achieved.
Dispersed beams coupled to matched spectrometers have been used to
achieve resolutions much better than the beam spread in several single-arm
systems [Be 79; Ze 71].

In these systems, the dispersion of the beam on
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TABLE C-3.

Design Goals for Spectrometers

LES

HAS

Ap/p (Resolution)

~10- 5

~10" 4

6p/p (Acceptance)

±5%

±10%

>20 msr

>30 msr

B(max)

1.7 T

1.7 T

P(max)

1.9 GeV/C

1.1 GeV/C

target is matched to the dispersion of the spectrometer so that the location
on the focal plane directly measures the energy difference between the
incident and final particles - hence the term, Energy-Loss Mode. An
alternative method is to ascertain the location on target of the incident
particle, thereby determining the incident momentum, and to measure the final
momentum so that the difference yields the energy loss.

This is called the

Dispersed-Beam, Absolute-Energy Mode.
A comparison of characterics for the Dispersed Beam and Energy Loss
modes is presented in Table C-4. While both systems are comparable for single
arm experiments, the flexibility of the Dispersed Beam mode provides
advantages for coincidence experiments that are the primary experimental
objective.

Accordingly, a Dispersed-Beam spectrometer utilizing intermediate

detectors is proposed for the LES. This arrangement provides precise
knowledge of the incident electron momentum, location on the target and, as
will be discussed, accurate knowledge of the scattering angle and momentum of

251

the outgoing electron.

For coincidence operation, the information provided by

the LES can be utilized to allow a somewhat simpler design for HAS, which is
required only to determine the momentum (magnitude and direction) of the
outgoing hadron.
The LES spectrometer essentially consists of two parts:

1.

A

large-acceptance, low-resolution spectrometer which provides information
regarding target location, scattering angle and approximate momentum,
Ap/p « 1%; 2.

A high resolution spectrometer whose primary function is to
c

determine the magnitude of the momentum with an accuracy Ap/p

K

A schematic diagram of the spectrometer is shown in Figure C-3.

10

.

The x, 9, y,<J>

information, provided by the intermediate detector planes, allows a trace-back
to the target coordinates with an accuracy in position of <± 0.25 mm and
direction of <± 2 mr.

A momentum resolution of Ap/p =< 1% provides a selection

of momentum range for further analysis. Since only the magnitude of the
momentum will be required from the second section, multiple scattering in the
detector planes would not affect the measurement.

Detector planes at the end

of the spectrometer also measure x, 9, y and <}>, so that redundant information
would be available for optimization of the analysis.
The HAS spectrometer, shown in Figure C-4 is adapted from a design
proposed at Mainz [Ne 81] for a coincidence system.

The performance of this

spectrometer is enhanced by virtue of a small effective target spot.

Detector

planes are located at the end of this spectrometer.
The preliminary parameters for the LES and HAS spectrometers are
listed in Table C-5.

The resolutions listed on the top line of the table are

based upon measured values for the LES, but utilize the tracebnek to initial
target location derived from the LES to determine the resolution for the HAS.

Table C-4.

Comparison of Dispersed Beam and Energy Loss Spectrometer Characteristics

Dispersed Beam

Energy Loss

X reasonable (~1 cm)

X small (~0.2

X location

Measured

Spot size

Dispersion on target

Fixed by experiment

Adjusted to fit kinematics and
spectrometer

Detection Planes

End and Intermediate

End only

Solid Angle

Limited by apertures and
measurement errors

Restricted by aberrations in
addition to apertures and errors

Momentum Acceptance
(with best resolution)

Large

Limited to several %

Coincidence Mode

x,y at target measured. Second arm
flexible - Independent Operation
- no limit on central momentum,
large momentum acceptance with no
deterioration in resolution
resolution probable

x,y full spot size. Both arms must
be dispersion matched. Some
limitation on central momenta, dual
dispersion matching satisfactory
over limited range, poorer

Target

Size

cm)

N3
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ELECTRON SPECTROMETER (LES)
-9°

Figure C-3.
Sc nematic diagram of the
Large Electron
Spectrometer (LES). The
spectrometer optics are
illustrated for three
rays.
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LES
The design for LES consists of a quadrupole triplet followed by a
45°-bend dipole, followed by three additional 45°-bend dipoles. An
intermediate image is formed in the bend (x) plane between the first and
second dipoles where detector planes are placed.

The optical mode is point-

to-point in the bend plane and point-to-parallel in the transverse (y)
plane. With the ~0.7% momentum resolution, including the effect of multiple
scattering, it is possible to trace back to target coordinates to ± 0.3 mm in
x and y and scattering anglee to <± 2 mr in 6 and $. The relatively small
dimensions of the beam envelope at this intermediate position allow selection
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HADRON SPECTROMETER (HAS)
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ALTERNATE
, ,' i-^FOCAL PLANE
Figure C-4.
Schematic diagram of the
Hadron Spectrometer
(HAS). The spectrometer
optics are illustrated
for three rays.
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of the momentum bite with reasonable precision and permits use of the
spectrometer at forward angles with full beam intensity.

The last three

dipoles constitute a high resolution spectrometer where a momentum resolution
of ~10

is feasible.

In order to achieve this objective an additional set of

detector planes is located after the last dipole, where x, 6, y, and (j> are
again measured.

The small errors in these measurements, <0.1 mm in position

and <1 mr in angle, allow dynamic compensation for aberrations. This recrntly
has been demonstrated at HRS (LAMPF) to be highly successful.

The optical

mode in the rear section is point-to-point in x and parallel-to-point in y.
While both position and angle-determination before and after the dipole
triplet is not absolutely necessary to obtain good resolution, the redundancy
of information should serve to reduce backgrounds.

In addition, the improved

momentum determination should allow a reduction in the uncertainties in the
derived target coordinates.
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Table C-5.

Preliminary Parameters for Spectrometers

LES

HAS

Ap/p (2nd order)

~2 x 10~ 5

~1 x 10" 4

Momentum Acceptance

± 5%

±10%

Solid Angle

22 msr (±5%)

30 msr (±10%)

(33 msr (±3%))

(50 msr (±2%))

±120 mr(x), ±60 mr(y)

±100 mr (x and y)

(±150 mr(x), ±70 mr(y))

(±130 mr(x), ±120(y)

1.5 GeV/c

1.0 GeV/c

1.9 GeV/c

1.25 GeV/c

p (central)

3.5 m

2.3 m

Total Length

23 m

8.75 m

Deflection Angles

4 x 45°

30° and 60°

(180°)

(90°)

Dl 1.47 cm/%

7.29 cm/%

Angular Acceptance

max
max

(High Resolution)
v(1.7

T)

Dispersion

D2-4 9.72 cm/%
Magnification

Dl 1.04 cm/cm
D2-4

Image Plane Angle

-.928 cm/cm

1.18 cm/cm

Dl

15°

D4

46°

13.6C
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HAS
The target location for a coincident event would be specified by the
LES and utilized in the measurement with the HAS.

Both momentum and

scattering angJas would be determined with this QDDQ system, a variation of a
spectrometer originally proposed for the MAMI accelerator at Mainz.
would be located only at the rear of this 90°-bend spectrometer.

Detectors

The imaging

mode is point-to-point in the bend plane and parallel-to-point in the
transverse plane. With this configuration, the momentum resolution should be
< 10~ , while the angular errors, A8 and A<{>, would be both less than 2 mr. The
major difficulty with this design at the present time is the steep angle of
the focal plane, 13.6°.

This can be rectified by additional second-order

corrections whose possible deleterious effects are as yet undetermined.

If

the last quadrupole (Q2) is turned off, the transverse optical mode is pointto-parallel, and both the dispersion and magnification are substantially
reduced.

In this mode, the momentum resolution is maintained, the focal plane

angle is 31°, and the distance from the last dipole to the focal plane is
reduced by more than a meter, but a 10 mr uncertainty in scattering angle is
introduced.

The short path length with this option, only 7.7 m, is of

particular interest for experiments requiring detection of unstable particles,
such as pions.

Further efforts to refine the HAS design are planned inasmuch

as the large acceptance combined with good resolution make this an unusually
flexible spectrometer.
The combination of LES and HAS is well matched for the design
objective of coincidence experiments.

The higher momentum bite in HAS

compensates for the lower maximum momentum so that a similar range of momenta
can be detected.

In the scattering plane, the angular acceptance of HAS in

the combination allows a range of momentum transfers to be studied at a given
setting.
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Magnet Design
Both spectrometer designs make use of rotated and curved entrance
and exit boundaries to provide focussing and second order corrections.
Discrete sextupoles can also be used, but, to date, the relatively large radii
of curvature required do not suggest that geometrical corrections will be
inadequate.
The physical components and maximum field strengths for the two
specrometers are listed in Table C-6.
are apparent:

1.

Two significant features of the design

Both spectrometers have large apertures, particularly in

the transverse direction; 2.

The maximum field strengths for the quadrupoles

are unusually high. In conventional magnet design, substantial effort is made
to reduce these in order to minimize both the weight and power consumption.
Indeed, the design effort has been directed toward reduction of weight
consistent with acceptance in both solid angle and momentum.

At an early

stage, however, it was seen that power consumption in a conventional copper
coil magnet design would be extremely high and that the quadrupoles at the
entrances to the spectrometers would be excessively large, thereby restricting
the minimum scattering angle.

Therefore superconducting technology would be

used in all magnetic elements in this design.
The dipole fields are shaped by the iron at room temperature, but
the fields are produced by superconducting coils located in a conventional
manner.

The coil design is thermally stable, i.e. the superconductor is

embedded in copper with a cross sectional area sufficient to conduct all of
the current at a temperature of 4.2° K.

This arrangement assures that

transient fluctuations in temperature do not result in catastrophic damage to
the coils.

Liquid helium flows through the coils maintaining temperature

stability.

The coils are thermally shielded from the environment by vacuum
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TABLE C-6.

Physical Parameters for Spectrometer Elements.

Aperture (cm)

Length (m)

Field (Max)

Exterior Dimensions (m)
(approximate)

±x

±y

T or T/m

x

y

LES

Ql

16

12

0.6

8.8

0.4C

0.4

Q2

22

16

0.6

12.3

0.62

0.62

Q3

35

13

0.7

8.6

0.88

0.45

Dl In

41

9

2.75

1.7

1.8

1.2

21

9

1.4

1.2

24

12

1.7

1.5

2.1

1.3

out
D2 in

out

2.75

56

1.3

D3

80

18

2.75

1.7

3.5

2.4

D4

90

18

2.75

1.7

3.8

2.4

Ql

20

20

0.4

12 .1

0 .6

0.6

Dl in

56

12.2

1.21

1.7

3.0

1.9

77

12.2

3.6

1.9

84

12.2

1.7

3.7

90

12.2

3.7

1.9

60

13

7.3

1.6

HAS

out

D2 in
out

Q2

2.42

0.4

1.9

0.6
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jackets and a heat shield cooled by liquid nitrogen.
superconducting coils has two major advantages.

The use of

The biggest advantage is the

reduction in operating expenses due to power consumption, which, extended over
the life of the spectrometer, is expected to approach the incremental cost of
the original design.

The second advantage is the reduction in magnet bulk

that arises from the high current density in the coils. The total cross
sectional area required for the coils is substantially smaller than needed for
water-cooled copper coils, even allowing for the vacuum shielding and copper
conductor used for thermal stability.

(At 4.2°K the conductivity of Cu is

nearly two orders of magnitude greater than at room temperature.)

For the

large magnets proposed in the present design, the savings in iron and copper
constitute a substantial reduction in weight and material cost.
The quadrupole field gradients and apertures utilized in the present
design are not feasible with conventional quadrupoles.

The mass of iron

needed would limit the minimum scattering angle and be extremely heavy.

More

important, however, are the field gradients over large apertures which cannot
be achieved with conventional quadrupoles.

The quadrupole design proposed is

iron free, the field being shaped entirely by the superconducting coils.

Such

quadrupoles have been built, tested and found to be of high quality [Sm 81].
In addition a "cold bore" design is envisioned.

This would provide additional

vacuum pumping between the target and the dipoles.

Representative cross

sections for both the quadrupoles and dipoles are shown in Figure C-7. The
utilization of superconducting quadrupoles allows the strong focussing
required to obtain large solid angles while permitting the use of front end
eleaents which are relatively small in size.

I
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Beam Transport;

The beam transport proposed for the High Resolution Area

should be capable of transmitting polarized beams without depolarization while
permitting adjustment of beam spot size on target to meet specific needs.

A

schematic diagram of the transport system is shown in Figure C-5. The first
requirement is satisfied by generating dispersion with two 45° bends in
opposite directions, thereby reversing the precession caused by the first bend
with the second bend.
In order to achieve flexibility in beam spot size, the transport
system utilizes the excellent emittance of the electron beam.

The 0.2 mm-mrad

emittance allows transport over large distances without the need for focussing
elements and also allows extremely small virtual spot sizes without excessive
divergence in the beam or the need for large apertures.
The optical mode in the bend plane is point-to-point at 0T2 to-point
at QT4 to-point at the target.

In the transverse plane, the optical mode is

point-to-point at QT4 to parallel at the target.

The dispersion generated by

the first dipole is inverted at QT2, which also produces focussing in the
transverse plane, so that the dispersion generated by the two dipoles is
additive.

The dispersion on target is adjusted at QT4. The quadrupole

triplet just before the target provides the appropriate imaging.
Both dipoles bend in the horizontal plane although a vertical
dispersion is desired.

Between the second dipole and QT4 there is a set of

rotated quadrupoles whose transform is equivalent to a drift space except for
the interchange of x and y.

This twister or rotator, previously used at LAMPF

and Bates, rotates the dispersion into the vertical plane.
The system would allow adjustment not only of both horizontal (y)
and vertical (x) dimensions of the beam spot on target, but also of the sign
of the dispersion, which can be adjusted to any value between +50 and
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Schematic diagram of beam transport system to the high
The beam is dispersed and the dispersion is rotated into the

A one centimeter high spot on target corresponds to a dispersion of
With this dispersion and the nearly unity magnification of the

transport, the uncertainty in the position on target, deduced from an event
analyzed with the LES system, corresponds to an error of < 5 x 10~° in the
determination of the momentum of the incident electron.

It is therefore seen

that the beam transport system should contribute a negligible amount to the
final resolution of the complete system.

Physical Arrangement:
As indicated earlier, the proposed High Resolution Area is intended
to be used for coincidence experiments where both spectrometers should have
the maximum possible range in scattering angle.

Accordingly, it was decided

that the spectrometers should bend in the vertical direction, pivoting about a
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DETECTORS

Figure C-6. The main figure illustrates a cross-sectional view of the
two high-resolution spectrometers. The figure in the upper left hand box
shows a top view of the two spectrometers. The placement of concrete
shielding and service platforms are indicated schematically.

common center located at the target position.

A schematic drawing of this

arrangement is shown in Figure C-6. As shown in the figure, a thick floor
would provide access to the detectors at the rear of the larger spectrometer
and also serves as a shielding for the detectors.

Indeed this capability is

one of the motivations for a total bend angle of 180°. Access to the
detectors of the smaller spectrometer would be from a shielding floor.
Inasmuch as there is a 90° bend for this spectrometer, there would be no
interference between detectors for the two spectrometers.

Additional
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shielding between the target and the detector at the intermediate focus of the
LES is provided by the return yoke of Dl.

Detectors;

Multiwire delay-line drift chambers [Mo 81] currently in use at

L A M P F fulfill all requirements envisioned in this proposal.

Spatial

resolutions of ~80 microns have been attained at count rates of ~10* s

.

Angular resolution of <1 mr is therefore quite feasible, although that value
has been used in all estimates.

The relatively small detectors required near

the intermediate focus will tolerate substantially higher count rates.

It is

anticipated that improvements in detector technology will result in making the
present estimates of resolution and angular accuracy used for spectrometer
design upper limits rather than reasonable estimates.

4.

Medium Resolution Spectrometers
A large number of the experiments planned for the few GeV electron

accelerator require coincidence measurements with a high efficiency and
moderate (~2 MeV) resolution.

While the very breadth of the scientific

program demands a flexible approach to the design parameters, the requirements
of many of the experiments can be satisfied with general purpose medium
resolution spectrometers which would have moderate resolution (0.1%) and a
reasonable solid angle (-30 msr) and momentum acceptance (±10%).

Two

spectrometers of this type could serve as the basic experimental equipment for
the medium resolution or tagged photon areas.
The general design considerations for such a system are clear, and
while the choice of an optimum design is uncertain, the design criteria lead
to a typical spectrometer configuration which satisfies most of the
requirements of the planned experimental program.

IΓ the present situation,
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it is proposed that the pair of spectrometers consists of a 4-GeV/c and a
2-GeV/c spectrometer.

The electron spectrometer should be capable of

operating up to 4-GeV/c, then the companion spectrometer need only operate up
to 2 GeV/c.
In accordance with the general philosophy that the design be
flexible, it is desirable to consider a modular design which could be tailored
to specific needs, and to use software correction of aberrations rather than
hardware corrections.

Based on the performance of existing detector systems,

resolutions in position of 0.2 mm and angle of 1 mr can be easily obtained at
the focal plane.

The limitations to the spectr- _.eter resolution are of course

the initial beam spot size, and the effects of aberrations.

The choice of an

active (software-corrected) spectrometer allows the complete use of the high
quality of the hexatron beam.

Often a very small (<1 mm) beam spot would

appear to be unacceptable due to heat loading of the target, since
approximately 100 watts could be deposited in a 0.5 g/cm

target.

For fragile

or physically massive targets it may not be possible to alleviate this problem
by wobbling the target, but it is quite straightforward to wobble the beam
spot.

Such a system is possible with a software corrected spectrometer since

the instantaneous beam position can be determined by the time of the event
relative to the phase of the rf sweeping system, and the resolution is
determined by the excellent instantaneous spot size of the beam (Ax <0.5 mm
half width).
In order to decouple the measurement of scattering angle and
momentum, it is advantageous to consider a vertical bend spectrometer which
can rotate in a horizontal scattering plane.

With this choice the finite

thickness of the target only contributes to the target spot size in the bend
plane through multiple scattering.

By choosing the first order optics to be
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point-to-point In the bend plane (vertical) and parallel-to-point in the
scattering plane (horizontal) both the momentum and the scattering angle are
determined in first order by a position measurement in the focal plane.
A secondary, but important, consideration in the design of the
spectrometer is the cost, since several such spectrometers could be used.

In

most designs in low energy nuclear physics, the dipole elements determine the
cost-

To minimize the cost a relatively modest bend (30-45°) and active

quedrupole focusing can be used.

Potentially, superconducting dipoles without

iron poles may provide a more effective solution.

At the present time, it

appears more reasonable to consider iron magnets, with superconducting
coils.

This choice ensures that the field uniformity and field boundaries are

well calculable.

Coils would be designed to be cryogenically stable, with the

superconducting material surrounded by sufficient copper to carry the entire
current load in the event of a quench.

This offers substantial savings in

operating costs for a slightly larger initial investment.
To accept a large solid angle, the aperture of the quadrupoles must
be at least ~30 cm in diameter and less than 1 m from the target.

To achieve

a focus of a 4 GeV beam at the detector planes (a distance of approximately
7 m) with a doublet or triplet system, requires a dimensionless quadrupole
strength (GL 2 /Bp) of about 0.8 and gradients of roughly 22 T/m (assuming
L » 0.7 m) and pole tip fields of at least 3.3 T.
obtained with superconducting quadrupoles.

These fields can only be

With each of the spectrometer

elements using superconducting coils, the power required to operate the
spectrometer is only about 20 kW, mostly for the helium refrigerator.
A basic spectrometer which satisfies the general requirements for a
MRS is illustrated in Figure C-7.

It consists of a Q-Q-M-D-Q-D design.

In

order to accommodate a maximum momentum at 4 GeV and the desire for higher
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Figure C-7. Side view of a Medium Resolution Spectrometer. The inserts
show cross sections of the coil configurations for the quadrupole magnet Ql
and the dipole magnet Bl.

resolution at lower momentum, the total bend angle can be varied by rotating
the axis at the third quadrupole and the second dipole about the center of the
first dipole.

The multipole element (M) reduces the values of several of the

second order matrix elements to manageable levels.

The physical

specifications and first order transport coefficients for a 27° bend angle are
listed in Table C-7.

The lirst order resolution is 1.1 x 10" 3 and evaluation

of the second order aberrations gives resolutions of ~1.3 x 10"^ in momentum
and 2 mr in the scattering angle.

A quadrupole design with parallel

conductors and a circular aperture was chosen for inital consideration.
is considerable expertise in constructing such quadrupoles with gradients
greater than 50 T/m at Argonne [Sir 81]. A cross section of the first
quadrupole of the MRS is ehown in Figure C-7.

It is possible that a

There
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Table C-7. Medium Resolution Spectrometer

First Order Optical Matrix Elements
(27° Total Bend Angle)

(x|xo)
<*|eo)

3.31
0
-7.5
0
-0.061

(e|e)

-0.14

(X|6)

3.0

Physical Specifications

Field for
Bore or Gap

Length

4 GeV e~

(m)

(tn)

(kG)

Ql
Q2

0.30

0.7

-52.8

0.50

0.7

52.5

Bl

0.20

1.75

18.0

Q3
B2

0.40

0.6

30.3

0.20

1.75

18.0

Total Length

10.0

Solid Angle

26 msr

max

4 GeV for 27° bend angle

Resolution

1.3 x 10" 3

Ap/p

±10%

Weight

20 ton

72 ton
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more efficient use of the conductor can be made with a rectangular geometry
and this is being investigated.

A spectrometer accepting a maximum momentum

at 2 GeV could easily be constructed by modifying the 4 GeV design with the
removal of the last dipole element.

The optical properties of such a Q-Q-D-Q

system are quite similar to the Q-Q-D-Q-D design.
Medium resolution spectrometers similar to these could also be used
in the tagged photon area.
defined to 1 cm by 1 cm.

In that case, the initial target spot would be

However, the counting rates from the target would be

sufficiently low that an additional set of detectors before the first
quadrupole could be used to determine the target source position with
sufficient accuracy.

The overall resolution may be somewhat better in this

case.
Several of the experiments proposed will require more specialized
equipment.

The spectrometer described above does not have sufficient source

size ?T.eptance to fully make use of extended targets such as liquid H2 or
cooled gases.

No solution has been found which simultaneously has large

momentum and solid angle acceptance and a Jarge source size acceptance. This
appears to be a relatively fundamental restriction and may limit measurements
on thick targets (~10 cm) to forward or backward angles where the apparent
source size is small.
Several experiments require detection geometries out of the
scattering plane.

One possible solution would be a superconducting multigap

spectrometer [En 81] which could be operated in coincidence with a standard
MRS spectrometer.

Another option would be to change the direction of the

incident beam relative to the plane of the spectrometers. However, the
problems in cleanly dumping the beam make this last option unattractive.
While the optimum solution is not dear, the requirement of out-of-plane
geometries must be kept in mind for evaluating spectrometer performances.

269

Experiments involving the detection of short-lived mesons (pions and
kaons) require relatively short spectrometers. The decay losses for a shortlived particle are given by:
N = N o exP(-moc2d/(pctm))
where N is the number of particles surviving through the spectrometer, NQ is
the number entering the spectrometer, d is the length of the spectrometer and
m Q , p, and t
particle.

are the rest mass, momentum, and mean life of the decaying

For 300 MeV K + , 90% of the K + would decay in a 10 m spectrometer.

Here again a high field superconducting spectrometer may provide the best
solution.

5.

Data Acquisition System
Data acquisition at a CW electron accelerator presents a somewhat

different problem than presently encountered at the low-duty factor electron
accelerators.

At a pulsed accelerator, such as LAMPF or the Bates linear

accelerator, there is usually sufficient time between beam bursts to process
and record the data. However, with a 100% duty factor facility, this
processing and recording time will show up as dead time.
requirements are placed on the data acquisition system:

Thus, three
(1) pre-processing of

the data must be performed, where possible, in order to restrict the data
presented to the computer (ii) the computer processing of data must occur as
rapidly as possible and

(iii) operations which consume considerable unibus

time such as tape or disk drive commands should not interfere with the
incoming data flow on the unibus. The least expensive computer system that,
today, meets these requirements is centered around the VAX 11/750 computer.
Iα fact, this is the computer recently chosen for the data acquisition system
at the Indiana University Cyclotron Facility (IUCF), a 100% duty factor
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facility.

The costs for a typical data acquisition system are summarized in

Table C-8. These costs are based upon the experience in acquiring computer
equipment at r.;CF [St 82]. A PDP-11/23 was chosen as a preprocessor for the
VAX 11/750, so that the first requirement is met.

Although the newer VAX

11/730 is somewhat less expensive than the VAX 11/750, it poses two problems
for the second and third requirments.

First, the VAX 11/730 processes at

approximately 402 of the speed of the VAX 11/750.

Secondly, the VAX 11/750

has two unibuses so that incoming data flow need not compete for unibus time
with information flowing to the tape and disk drives.
In addition to the basic VAX 11/750 system and PDP 11/23
preprocessor, the basic DEC software, a graphics terminal, line printer, CAMAC
crate and ports were included in the cost estimate given in Table C-8. A
system of this type would be necessary for each experimental are?.

Of course,

the computers and peripheral equipment discussed here would most likely be
obsolete by the time that the experimental areas would be completed.

These

specific systems were chosen as the best option available today for the
purpose of the cost estimates.

It is expected that large-scale off-line data

analysis would be performed on the already existing computers at Argonne.
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Table C-8.

Data Acquisition System

(one system necessary for each experimental area)

Cost
Device

FY83

(1) VAX 11/750
includes

$1000

$128.7
(a)

computer processing unit

(b)

two unibuses

(c)

2 M bytes memory

(d)

127 M byte disk drive

(e) TU77 tape drive
(f) Decwriter

(2)

Software

22.5
(a)

compilers (Fortran, etc.)

(b)

floating point accelerator

(c)

user control store

(3) Graphics terminal (TEKTRONIX 4112)

(4)

13 .1
9 .4

Line printer (TRILOG)

(5) Cama*,- crate and port

20 . 0
5 .0

(6) PDP 11/23 preprocessor

Total (one system)

$198.7
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APPEND DC D
BEAM DIAGNOSTICS AND CONTROLS

Because of the complexity of the hexatron system described in this
report, the large number of optical elements, and the requirement of
independent multiple beam operation, a highly developed system of beam
diagnostics will be required to optimize the beam steering, focusing, and
phasing for reliable operation.

A variety of instruments for measuring

various properties of the beam are already in use or under development.

The

diagnostic devices to be used include light sensitive screens for TV viewing,
rectangular or cylindrical low Q cavities for position sensing, phase
detection, and intensity measurements, and moving wire scanners for beam
profile measurements.

Beam loss monitors will be provided at critical

locations in the accelerator.
A relatively powerful computer software and hardware system will be
required to provide accelerator control and data monitoring for the source and
injector linac, the 185 MeV RTM, the 4 GeV hexatron, and the external beam
lines.

The system will provide both autonomous and network control of each

station of a distributed multiprocessor system.

Microprocessors will provide

local component control and simple task computational capability at individual
stations, while high level processors at the central station will provide
overall system control and comprehensive computational capability.
The accelerator design will incorporate the ability to provide a
notched or pulsed beam so that the behavior of individual orbits can be
observed in the linac and dispersion free regions by following the beam pulse
through the diagnostic system as a function of time.
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The beam profile, phase angle, and intensity will be measured at the
exit of the injector linac.

The output phase, beam intensity, and beam

position will be measured with non-intercepting, low Q rf cavities in either
the cylindrical TM^Q-like modes used at Mainz [He 76a] and the University of
Illinois or the square cross section TMoin/TMjoo

mo

^ e devices under

development for the NBS-LANL Microtron.
The RTM will have non-intercepting, low Q rf cavities for beam
position and rf phase at the linac straight section entrance and exit, and on
some of the 27 orbits.

Moving wire scanners will be located in the entrance

and exit beam lines to tune the injection and extraction beam lines.

The beam

optics for the RTM will be adjusted with moving wire scannp^ located in the
linac straight section to be used with the pulsed beam and with several moving
wire scanners located periodically in the return paths.

The capability will

be provided to relocate them in any of the 27 return orbits.

Light sensitive

screens capable of being viewed by a TV camera will be located in some return
paths so that a coarse view of the beam will be possible by driving the screen
into position.
The hexatron will have non-intercepting, low Q rf cavities for beam
position and phase detection on the return orbits and in the linac straight
sections.

Intensity monitors will be located in several of the orbits in the

dispersive straight sections with the ability to move them into any of the 109
return paths.

Moving wire scanners will be located in the linac sections to

be used with pulsed beams and on the lowest energy orbits in the dispersive
sections.

Location of energy spectrometers of conventional design will be

considered between the linac injector and RTM, the RTM and hexatron, and after
the hexatron.

Multiple wire detectors or synchrotron light technique will

used to determine energy spread at the high dispersion point in these
spectrometers.

Conventional radiation detection equipment will be used inside
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and outside of the accelerator building as a part of a safety system to reduce
or stop the beam current in the event of excessive beam loss by the
accelerator.
Additional diagnostics possibly useful for tuning quadrupoles are
under study.

For example, pingers located at three locations in each linac to

increase the perpendicular emittance of the beam and make betatron motion more
easily detected are being considered.

Also being studied are 1/3 subharmonic

cavities sensitive to x positions which can detect n f 0 at the entrance and
exit of each linac, if a subharmonic rf cavity modulates the beam energy.
Additional diagnostics could be useful for tuning of quadrupoles and high
frequency pickups (stripline or slot-type couplers) could increase sensitivity
and flexibility over low Q cavities.

The whole tuneup procedure could be done

under computer control.
Measurements of the beam profile can be made in x and y planes using
synchrotron radiation emitted inside the large sector magnets and also in
small vertical wigglers located where the dispersion is a maximum in the
dispersion straight section.

Facilities will be studied for working with the

synchrotron light produced from all orbits in one (or two) sector magnets and
for a few (1-5) wiggler positions (which will require holes drilled in sector
magnets).

This information can be used to nondestructively calculate e x , e

and x] Ap/p during operation.

Diagnostics capable of detecting the position of

individual bunches of individual orbits in the linac are under study.

This

capability would be necessary for analysis of regenerative beam breakup.
Diagnostics would use rapid modulation of the beam intensity to permit
detection of individual bunches over a background produced by fluctuations in
the other 36 unmodulated beams.
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The central computer system will be based on two high-capability
minicomputers with shared memory and mass storage to accommodate the GEM data
base.

These computers will share the expected processing load of operator

interaction, GEM system monitoring and control, orbit modeling and control in
both microtrons, and concurrent software development activities.

The

processing load sharing, including degraded single-computer mode, will be
determined as the GEM needs and loads become known.

Array processor

attachments for one or both processors will be considered if appropriate.
A communication network will interconnect these processors with
local, microcomputer-based, subsystem processors which will interface to all
GEM subsystems.

The network protocol will be based on Carrier Sense Multiple

Access with Collision Detect (CSMA/CD) similar to the commercial product,
Ethernet.

The local processor operator consoles, where provided, as well as

the central operator consoles, also communicate over this same network.

Since

communication can take place between all elements on the network, interprocessor communication can take place throughout the system, as well as
console interaction with any processor in the system.

This means that a

central control console environment can be created at any subsystem location
and that the local subsystem trouble-shooting can be performed from the
central control area.

Table D-l depicts schematically the various control

system components and tabulates their type, location, tasks, and software
characteristics.
This system concept will provide GEM with timely subsystem
development and stand-alone maintenance, rapid integration and tuneup,
powerful modeling and computational capability, and a highly flexible control
system.
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Table

D-l. Control System Components and Characteristics

Central
Termlnal

Host
Processor

i

Local
Term) nal

•

<

V

F a c i l i t y •*

Local
Processor

U

•
1

Interface *
Processor
Network
Processor <
1

10 M -Bit/sec CSMA/CD P rotocol

Equipment
Type

Mainframe
Supermini with
peripherals

Multibus with
extensive
console facil.

Multibus with
basic console
faclitles

Rack-mount
mult thus
Interface

Locations

Main control
room

Main control
room (3 units)

Inj./RTM (3)
hexatron (3)
beam lines (:

Inj./RTM (3)
hexatron (7)
beam lines (3)

Processor
Type

Dual "Ut-type
with microbased net. link

16-blt micro
with microbased net. link

16-blt micro
with microbased net. link

16-bit micro
with microbased net. link

Operating
System Type

Multi-ground,
multi-program,
disc-based

Multl-taek,
real-time,
stand-alone

Multi-task,
real-time,
stand-alone

Multi-task,
real-time,
stand-alone

Programming
Language Used

Fortran
(or other
high-level)

Pascal with
Baslc-llke
interpreter

Pascal with
Baalc-like
interpreter

Pascal with
some assembly
lang. routines

Tasks

GEM Ops. control,
tuning aids,
GEM node ling,
edit/compile/
download

Display,
graphics,
control links,
S.w. develop.

Display,
control links,
S.W. develop.

Monitoring,
control,
local loops

Network
Communicatlon Paths

i
f
|

Noraal Control Link

Normal Op s.

1

Local Simulated Ops.

(Almost
simultaneously)

1
.
\

4 Malnt./Develop.

Software
Development
•Software

f

M.C.R.-Based Trouble-Shoot

.
k

Development

4

|

f
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APPENDIX E
HIGHER-ENERGY DESIGN OPTION

Although the present hexatron design is for 4 GeV, it can be
extended beyond to 6 or 6.5 GeV with some capital improvements in the sector
magnets, some loss in duty cycle, and some degradation in the AE/E of the
extracted beam.

Nonetheless, the costs in the upgrade and reduction in

performance could be very small compared to building a major new facility to
achieve a somewhat higher energy.
The magnetic field in the 60° sector magnets is only 1.015 T in the
4 GeV design, and therefore can be increased to about 1.655 before saturation
becomes a significant problem.

The linac structures must be pulsed, however,

to increase the energy gain per turn in the absence of any major breakthrough
in the shunt impedance of accelerating structures.

Table E-l lists maximum

energies that are possible with various B fields, duty factor, and the energy
spread in the beam at that energy due to fluctuations in the synchrotron
radiation.

The energy spread is dominated by the effects of synchrotron

radiation.

The duty factor is calculated on the basis of a constant power

loss in the linac structures corresponding to the value used for 4 GeV CW
operation.
The major improvements needed to accomplish higher energy operation
are in the sector bending magnets.

The coils will have to be replaced to

provide more ampere-turns, the thickness of the overhanging pole tips in the
stepped region (see Figure III-4) increased by about 2.5 cm and iron will have
to be added to the yoke.

Additional shimming will be needed.

The linac

structures would ba operated at the same average power loss per unit length in
the pulsed mode as in the 4 GeV CW mode and, so, do not need to be replaced.
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Table E-l. Higher Energy Options for the Hexatron Design

Maximum

B

Energy

<AE>EVHM

Field

Duty
Factor

(GeV)

(T)

(%)

(MeV)

5.0

1.27

64

2.4

5.5

1.40

52

3.9

6.0

1.52

44

6.0

6.5

1.65

37

9.0

The rf system might need some modification but the manufacturer has confirmed
that the klystrons are able to operate in the pulsed, lower-duty-cycle mode at
higher peak powers.
Although the modifications described above would require a
significant shutdown period to achieve and would need substantial capital
improvement funds, there is no doubt that the machine would be upgraded and
that the overall shutdown period and cost could be probably an order of
magnitude less than a completely new facility at higher energy.
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APPENDIX F
CONVENTIONS FOR SYMBOLS USED IN SECTION II

A

asymmetry of longitudinally polarized electron
scattering from nuclei.
2

2

A(q ) , B(q )

structure function for elastic electron scattering.

A£M

electromagnetic transition amplitude between two
nuclear states.

A«Mr

transition amplitude due to the weak neutral current
for the parity conserving (PC) or parity violating
(PV) component.

A^

transition amplitude due to parity violation in
initial or final nucleus state,

a

fine structure constant.

C(q)

value of the Coulomb sum rule,

c

speed of light.

^3<x

photon energy absorbed in inducing a transition
between nuclear states a and 3*

E^

incident electron energy (lab).

Eo

scattered electron energy (lab).

E_

separation energy of nucleon in nucleus

e

charge of an electron.

pE(M)(q2)

electric (E) or magnetic (M) form factors of a nucleus
with | j a - Jp|<A<|J a + Je|.

*C» *o» F(j

charge, quadrupole and magnetic form factors,
respectively for the deuteron.
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F(y)

longitudinal nucleon momentum distribution in the
nucleus.
)

form factor of a spin-zero nucleus for elastic
electron scattering.
electric (E) or magnetic (M) form factor for a neutron
(n) or a proton ( p ) .
dipole form factor of the nucleon.
axial vector coupling constant.
helicity of an electron, h = t ? .

,J

four-current of a nucleus.

jy(q)

electronic current,

j

transition current between nuclear states a and 3«

J

Weak neutral current.

J^

charge changing weak current.

J

electromagnetic current of a nucleus.

kp

Fermi level of nucleons in the nucleus.

it^

three momentum of a pion in the nucleus.
magnetic moment of a proton (neutron).

M

mass of the proton.
get

transition probability between nuclear states a and 3

M^

mass of the target n u c l e u s .

P,

three-momentum of incident electron*

?»

three-momentum of scattered electron.

p

longitudinal polarization of electron beam.

p

momentum transfer to nucleon in nucleus in
longitudinal direction.

M-f,

Ml transition amplitude in the H(Y,tr )n reaction.
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Sj+

longitudinal quadrupole (E2) transition amplitude for
the H(Y,ir )n reaction,

q

three-momentum transfer to a nucleus.
four-momentum transfer to a nucleus.

QJJ

neutral weak charge of the proton,

p

charge density of the nucleus.

S(q,co)

structure factor of the nucleus.

S[/^\

longitudinal (transverse) structure factors of the
nucleus•

o"M

differential cross section for electron scattering
from a point charge (Mott cross section),

a

Pauli spin vector of a nucleon.

^DCn)

differential cross section for electron scattering
from a free proton (neutron).

T-

kinetic energy of particle i with energy E ^ (lab
frame).

t2Q

tensor polarization (alignment) of the deuteron.

T = q^/AMj

ratio of the square of momentum transfer to twice the
deuteron mass.

6

scattering angle of electron in the reaction plane
(lab frame).

6,,

the Weinberg angle.

u

radial part of the s-(d-) wave part of the deuteron

0(2)(r)

wave function.
UA

effective N-A interaction potential,

(o

electron energy transfer.

W

missing mass; for a proton target Wp • M~ - q

+
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X = 2/3

T FQ/FQ

a quantity which is independent of the electric form
factor of the nucleon.

•*•

•>

P*Q

y •

^~

M

scaling variable which projects nucleon momentum
component parallel to momentum transfer.

Y = v../c

rapidity, ratio of the detected nucleon velocity
parallel to incident beam to c.

Y Q = v,/c

ratio to c of velocity of emitted nucleons which
perpendicular to incident beam.
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CONVENTIONS FOR SYMBOLS USED IN SECTION III

a

i*^i*^i

Twiss parameters

as a function of orbit position s^.

Se

electron velocity normalized to the velocity of light.

3

matched beta function at the center of the racetrack
microtron.

y

ratio of total energy to the particle rest energy.

y

energy gain per turn in units of the electron rest
energy.

y^

electron energy at the center of first isolated linac
section in units of the electron rest energy.

e

emittance in transverse (longitudinal) phase space.

<f>

"phase angle" between particle and peak rf voltage.

n

dispersion function,

n'

slope of dispersion function.

6^

hexatron sector magnet edge angle at linac edge.

62

hexatron sector magnet edge angle at dispersive edge.

X

wavelength at operating frequency of microtron linac
rf system.

\

rf wavelength of chopper system.

*At a point s the emittance of a beam is defined by an ellipse in x,x'
phase plane centered about the reference trajectory x = x' = 0. In normalized
form the equation of the ellipse is
Yx 2 + 2axx' + g|x'|2 - e
where a, 3, y are the so-called Twiss parameters satsifying the relation
fiy-ar » 1 and the emittance e being the area of the ellipse divided by ir. For
a matched system the trajectory in the phase plane x,x* of a particle with a
maximum amplitude xffl • vfte is an ellipse with the same a, 3, and y as the bean
emittance.
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harmonic number for the i t n orbit between linacs on

Hj, j

the n
v
v

x*

turn in a hexatron.

microtron mode number.
v

y» (vs^

number of betatron (synchrotron) oscillations per
revolution.

p

bending radius.

<J>S

rf synchronous phase angle.

t

phase advance of the betatron oscillation.

0)

rf angular frequency.

Aj,A2

emittance limiting apertures in injector system.

B

magnetic flux density.

B1-B4

bending magnets of injection transport system,

c

velocity of light in vacuum.

D1-D4

steering magnets in booster m i c r o t r o n .

e

electric charge of the electron.

h

length of cylindrical TMjig cavity in injector system.

I, Ijj

beam current.

I

threshold starting current for beam b r e a k u p .

8.

end magnet separation in booster m i c r o t r o n .

Lo

total linac length in h e x a t r o n .

Lg

section length in hexatron linac.

M^£

beam optical transfer matrix for point A to point B .

m_

electron rest m a s s ,

m

relativistic electron m a s s ,

n

number of recirculations.

N

number of cells per linac s e c t i o n .

P

linac rf power per unit length.
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Q

rf quality factor.

QL

loaded Q for HEM deflecting mode.

S

hexatron linac half-length.

Sj

orbit length from the exit of the i t h linac to
entrance of next linac in the limit of vanishing
electron energy.

V

peak rf accelerating voltage.

W

electron total energy.

W .

energy of particle in n

x(i),y(i)

particle position relative to central orbit at

orbit at i t n third turn.

position i.
ZT

effective shunt impedance of rf structure.
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APPENDIX G
LIST OF PROSPECTIVE USERS

The list of names given below is a tabulation of scientists, both theoreticians
and experimentalists, who are potential participants in the research program at a
national electron accelerator facility.

This compilation was obtained by merging

names lists used by the GEM project, the Bates-Mass. Inst. Tech. laboratory, and
Southeastern University Research Association.

J. R. Albright, Florida State Univ.

D. L. Bernard, Univ. of Southwestern La.
A. Bernstein, Mass. Inst. Tech.
W. Bertozzi, Mass. Inst. Tech.

J. Alster, Tel Aviv University

G. Bertsch, Michigan State Univ.

R. Altemus, Univ. of Virginia

R. Betts, Argonne Nat'l Lab

R. Arndt, Virginia Polytech. Inst.

L. C. Biedenharn, Duke Univ.

E. Ansaldo, Univ. of Saskatchewan

C. Blatchley, Louisiana State Univ.

R. Arnold, American Univ.

J. H. Blatt, Florida Inst, of Tech.

0. Ashery, Univ. of British Columbia

M. Blecher, Virginia Polytechnic Inst.

S. Austin, Michigan State Univ.

K. I. Blomqvist, Mass. Inst. Tech.

P. Axel, Univ. of Illinois

E. C. Booth, Boston Univ.

A. Bacher, Indiana Univ.

P. Bosted, American Univ.

H. Baer, Los Alamos Nat'l. Lab.

H. Breuer, Univ. of Maryland

T. T. Baker, Univ. of Georgia

W. Briscoe, Univ. of California-LA

M. K. Banerjee, Univ. of Maryland

C. P. Browne, Univ. of Notre Dame

W. C. Barber, Mass. Inst. Tech.

R. Burman, Los Alamos Nat'l. Lab.

P. Barnes, Carnegie-Mellon Univ.

J. Burns, Florida Inst, of Tech.

G. K. Bavaria, Univ. de Montreal

P. B. Burt, Clemson Univ.

B. F. Bayman, Univ. of Minnesota

T. Buti, Mass. Inst. Tech.

G. Beard, Wayne State Univ.

J. W. Byrd, Sr., East Carolina Univ.

R. Bearse, Univ. of Kansas

J. Calarco, Univ. of New Hampshire

R. Becker, Boston Coll.

L. Cardman, Univ. of Illinois

J. Bergstrom, Univ. of Saskatchewan

C. E. Carlson, Coll. of William & Mary

B. Bernan, Lawrence Livermore Lab

A. A. Caretto, Carnegie-Mellon Univ.

G. Adams, Mass. Inst. Tech.
M. Sajjad Alam, Vanderbilt Univ.
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C-C. Chang, Univ. of Maryland
L. Chang, Virginia Polytech. Inst.
N. S. Chant, Univ. of Maryland
R. L. Chaplin, Clemson Univ.
R. Childers, Univ. of South Carolina
G. Ciangaru, Univ. of Maryland
T. B. Clegg, Univ. of North Carolina
F. Coester, Argonne Nat'l Lab
N. Colella, Carnegie-Mellcn Univ.
E. P. Colton, Los Alamos Nat'l. Lab.
S. R. Cotanch, North Carolina State Univ.
B. Cjttman, Mass. Inst. Tech.
P. W. Coulter, Univ. of Alabama
J. L. Cox, Jr., Old Dominion Univ.
M. Coz, Univ. of Kentucky
H. Crannell, Nat'l Bur. of Standards
H. W. Crater, Univ. of Tenn. Space Inst.
C. Creswell, Mass. Inst. Tech.
K. Crowe, Univ. of California-Berkeley
R. Y. Cusson, Duke Univ.
M. Danos, Nat'l Bur. of Standards
R. H. Davis, Florida State Univ.
J. Dawson, Univ. of New Hampshire
B. Day, Argonne Nat'l Lab
D. Day, Univ. of Virginia
M. Deady, Mass. Inst. Tech.
S. R. Deans, Univ. of South Florida
P. Debevec, Univ. of Illinois
D. Dehnhard, Univ. of Minnesota
P. Demos, Mass. Inst. Tech.
P. Depommler, Nucl. Phys. Univ.-Montreal
R. DiCecca, Boston Univ.
W. R. Dodge, Nat'l Bur. of Standards
G. Dodson, Mass. Inst. Tech.
W. Donnelly, Mass. Inst. Tech.
A. J. Dragt, Univ. of Maryland

T. E. Drake, Univ. of Toronto
J« Dubach, Los Alamos Nat'l. Lab.
S. Dytman, Mass. Inst. Tech.
R« D. Edge, Univ. of South Carolina
M. Eckhause, Coll. of William & Mary
R« Eisenstein, Carnegie-Mellon Univ.
R« Ehrlich, George Mason Univ.
G. Emery, Indiana Univ.
L. W. Fagg, Catholic Univ. of America
S. Fallieros, Brown Univ.
J« R. Ficenec, Virginia Polytechnic Inst.
P« Fields, Argonne Nat'l Lab
J. S. Findlay, Glasgow
F. W. Firk, Yale Univ.
P. Fishbane, Univ. of Virginia
D. Fitzgerald, Univ. of California-LA
J- Flanz, Mass. Inst. Tech.
D. Fleming, Boston Univ.
L. L. Foldy, Case Western Reserve Univ.
L. R. Fortney, Duke Univ.
H. T. Fortune, Univ. of Pennsylvania
C - •M. Fou, Univ. of Delaware
J« Frank, Los Alamos Nat'l. Lab.
G. Franklin, Mass. Inst. Tech.
S. Freedmau, Argonne Nat'l Lab
T. Fulton, John Hopkins Univ.
H. Funsten, Coll. of William & Mary
G. Garvey, Argonne Nat'l Lab
D. Geesaman, Argonne Nat'l Lab
S. Gilad, Mass. Inst. Tech.
R« Goloskie, Worcester Polytechnic List.
C. Goodman, Indiana Univ.
B. Goulard, Univ. of Montreal
F. L. Gross, Coll. of William & Mary
P> C. Gugelot, Univ. of Virginia
E. Hadjimichael, Fairfield Univ.
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W. Haeberli, Univ. of Wisconsin

E. Jones, Naval Rsch. Lab

J. Hamilton, Vanderbilt

S. T. Jones, Univ. of Alabama

K. S. Han, Hampton Inst.

J. R. Kane, Coll. of William & Mary

3. S. Hanna, Stanford Univ.

J. Kelly, Mass. Inst. Tech.

A. Hanson, Univ. of Illinois

Y. E. Kim, Purdue Univ.

P. Harihar, Univ. of Lowell

L. S. Klsslinger, Carnegie-Mellon Univ.

D. S. Harmer, Georgia Inst, of Tech.

J. Koch, Mass. Inst. Tech.

B. C. Harms, Univ. of Alabama

W. J. Kossler, Coll. of William & Mary

E. Harper, George Washington Univ.

M. Kovash, Mass. Inst. Tech.

R. Hartmann, Coll. of William & Mary

S. Kowalski, Mass. Inst. Tech.

W. Haxton, Purdue Univ.

A. Kunselman, Univ. of Wyoming

R. Haymaker, Louisiana State Univ.

D. Kurath, Argonne Nat'l Lab

E. Hayward, Nat'l Bur. of Standards

G. Lahm, Univ. Mainz

J. Heisenberg, Univ. of New Hampshire

R. Laszewski, Univ. of Illinois

P. Hendrickson, Univ. of Montreal

R. Lawson, Argonne Nat'l Lab

E. M. Henley, Univ. of Washington

H. Lee, Argonne Nat'l Lab

W. Hersman, Univ. of New Hampshire

D. R. Lehman, George Washington Univ.

D. Hertzog, Coll. of William & Mary

J. Llchtenstadt, Mass. Inst. Tech.

W. P. Hesse, Randolph-Macon Coll.

B. Joseph Lieb, George Mason Univ.

R. Hicks, Univ. of Massachusetts

J. Lightbody, Nat'l Bur. of Standards

P. F. Hinrichsen, Univ. of Montreal

R. Lindgren, Univ. of Massachusetts

N. Hintz, Univ. of Minnesota

A. E. Litherland, Univ. of Toronto

A. S. Hirsh, Purdue Univ.

K.-F. Liu, Univ. of Kentucky

M. Hoehn, Los Alamos Nat'l. Lab.

D. D. Long, Virginia Polytechnic Inst.

H. D. Holmgren, Univ. of Maryland

M. Lubell, Yale Univ.

R. Holt, Argonne Nat'l Lab

G. Luhrs, Univ. of Massachusetts

A. Hotta, Shizuoka

W. M. MacDonald, Univ. of Maryland

V. Hughes, Yale Univ.

M. Macfarlane, Indiana Univ.

L. R. Hughey, Nat'l Bur. of Standards

T. E. Madey, Nat'l Bur. of Standards

C. Hyde, Mass. Inst. Tech.

C. Maguire, Vanderbilt Univ.

M. Hynes, Mass. Inst. Tech.

X. K. Maruyama, Nat'l Bureau of Standards

M. A. Ijaz, Virginia Polytechnic Inst.

J. Matthews, Mass. Inst. Tech.

K. Itoh, Univ. of Massachusetts

L. Maximon, Nat'l Bur. of Standards

H. E. Jackson, Argonne Nat'l Lab

K. Meder, Georgia State Univ.

M. Johnson, Los Alamos Nat'l. Lab.

J. McCarthy, Univ. of Virginia

R. G. Johnson, Nat'l Bur. of Standards

H. Miessen, Univ. of Massachusetts
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A. Mignerey, Univ. of Maryland
J. W. Mihelich, Univ. of Notre Dame

R. Peterson, Univ. of Colorado
H. S. Plendl, Florida State Univ.

F. Milder, Boston Univ.
W. C. Miller, Univ. of Notre Dame

F. Petrovich, Flordia State Univ.
R. E. Pollock, Indiana Univ.

K. Min, Rensselaer Polytechnic Inst.

H. D. Powell, E. Tennessee State Univ.
R. Powers, California Inst, of Tech.

R. C. Minehart, Univ. of Virginia
S. L. Mintz, Florida International Univ.
R. Miskimen, Mass. Inst. Tech.
M. Moinester, Tel Aviv Univ.
E. Moniz, Mass. iist. Tech.
C. F. Moore, Univ. of Texas
J. Moses, Los Alamos Nat'l. Lab.
B. Murdock, Mass. Inst. Tech.
A. Nadasen, Univ. of Maryland
H. Nann, Northwestern Univ.
A. Nathan, Univ. of Illinois
R. Nefkins, Univ. of California-LA
R. Neuhausen, Univ. of Mainz
W. B. Nawbolt, Washington & Lee Univ.
E. Norbeck, Univ. of lows
B. Norum, Univ. of Virigina
J. O'Brien, Catholic Univ.
J. O'Connell, Nat'l Bur. of Standards
C. Olmer, Indiana Ui:I.*.
L. J. Orphanos, Univ. of Virginia
R. Owens, Univ. of Glasgow
C. N. Papanicolas, Univ. of Illinois
J. Y. Park, North Carolina State Univ.
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