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Jul y—December 1980

Compiled by
E. A. Knapp and R. A. Jamecon

ABSTRACT

The activities of Los Alamos National Laboratory's
Accelerator Technology Division are discussed. This
report covers the last six months of calendar 1980 and
is organized around the Division's major projects.
These projects reflect a wide variety of appiications
and sponsors. The major technological innovations pro-
moted by the Pion Generator for Medical Irradiation
(PIGMI) program have been developed; accelerator tech-
nologies relevant to the design of a medically practi-
cal PIGMI have been identified. A new group in AT
Division deals with microwave and magnet studies; we
describe the status of some of their projects. We dis-
cuss the prototype gyrocon, which has been completed,
and the development of the radio-frequency quadrupole
linear ac.o2lerator, which continues to stimulate inter-
est for many possible applications. One section of
this report briefly describes the results of a design
study for an electron beam ion source that is ideally
suited as an injector for a heavy ion linac; another
section reports on a turbine engine test facility that
will expose operating turbine engines to simulated
maneuver forces. In other sections we discuss various
activities: the Fusion Materials Irradiation Test pro-
gram, the free-electron laser program, the racetrack
microtron project, the Proton Storage Ring, and H™ ion
sources and injectors.

SUMMARY

The Accelerator Technology (AT) Division of the Los Alamos National Labo-
ratory is extending the science and art of subatomic particle accelerators to
a wide spectrum of contemporary needs. This series of reports began in 1978
and includes LA-8218-PR, LA-8350-PR, LA-8592-PR, and LA-8736-PR.

During this period, we consolidated the innovations and studies made under
the National Cancer Institute's program for development of a hospital-based
machine for cancer therapy using pions. We call this the PIGMI (Pion Generator
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for Medica?_irradiations) technology, because it can serve a variety of needs
oy altering the configuration of the component parts. Pions, neutrons, or
Tight-to-heavy ions could be provided for radiotherapy. Radioisotopes also
could be produced in copious quantities. The PIGMI system is described in this
report.

We consolidated our efforts on radio-frequency (rf) systems, accelerator-
structure tuning and development and magnetic systems; a number of these sys-
tems are under construction. The prototype gyrocon assembly was completed and
testing started.

We continued to place heavy emphasis on the development of a major new
type of accelerator, the radio-frequency quadrupole (RFQ), that has attracted
attention around the world. We summarize the design procedures at their pres-
ent stage of development and show a number of preliminary designs for compari-
son and to illustrate the wide application that this devica will have. These
designs include RFQs for accelerator research in AT Division, a new European
Organization for Nuclear Research (CERN) injector, neutral beam heating, PIGMI,
the Fusion Materials Irradiation Test (FMIT) linac, the Chalk River ZEBRA pro-
ject, the Lawrence Berkeley Laboratory (LBL) Medical Heavy Ion Synchrotron
injector, and the Brookhaven National Laboratory (BNL) polarized proton injec-
tor. The compination of an Electron-Beam Ion Source (EBIS) with an RFQ for a
heavy ion linac is suggested as an ideal machine for medical and scientific
research.

Preliminary work has begun on an unusual electron-linac radiographic
machine that could obtain x rays of turbine engines operating under simulated
flight-maneuver conditions on a centrifuge.

Work on the FMIT accelerator facility and the FMIT prototype accelerator
(FPA) at Los Alamos proceeded on schedule. Preliminary design reviews for the
entire system were completed in August, and all components are now in final
design. Contracts were awarded for the FPA Tlinac tank, and major effort was
directed toward the prototype facilities. Details of the design and develop-
ment activities of the major systems are presented.

To illustrate the progress on our free-electron-laser {FEL) program, we
outline the design and construction of the tapered wiggler for our amplifier/
oscillator experiment. This device promises a much better energy-extraction
efficiency than a uniform cne and uses a sophisticated permanent-magnet design.



The collaborative Los Alamos/National Bureau of Standards (NBS) microtron
design matured during this period, and long-lead procurements were initiated.
The injection system design was altered to give improved performance. The end
magnet and control system concepts also are outlined.

The Proton Storage Ring (PSR) construction was authorized, and the design
parameters consolidated into final configuration. The Ring's operating charac-
teristics are reviewed in this report, followed by a status report on its vari-
ous systems. Particular attention was given to the extraction system curing
this period.

The final section outlines progress on H source and accelerator devel-

opment activities.



PIGMI

I. INTRODUCT ION

Accelerator technologies relevant to the design of a medically practical
PIGMI have been identified and developed under the PIGMI program at Los Ala-
mos.!™ The major technological innovations premoted by the PIGMI program are
listed in Fig. 1. A "base-case" design for PIGMI is presented in this section.
Figure 2 shows a typical layout for this basic configuration near a major medi-
cal center. We expect che accelerator portion of the facility to cost ~310 mil-
lion,> the treatment facility to cost ~310 million, and site preparation to
cost ~35 million, giving a total cost of ~§25 million for a PIGMI facility.

II. ACCELERATOR SYSTEMS - GENERAL DESCRIPTION

A.  Summary
As shown in Fig. 3, the accelerator portion of the PIGMI facility con-

sists of an injector, an RFQ linac =structure, a drift-tube linac (DTL) struc-
ture, a coupled-cavity linac (CCL) structure, a 440-MHz rf system, six 1320-MHz
rf systems, and a control and instrumentation system. A1l of these components
have been under dev2lopment in the PIGMI program at Los Alamos. The 134-m-long
accelerator can be installed in an underground tunnel of modest cross section,

The 440-MHz RFQ linac dramatically simplifies the front end of the accel-
erator.® It can accept a proton beam with an energy of only 30 keV and can
bunch and accelerate it to an energy of 2.5 MeV in ~1.8 m, here the beam is
ideally suited for injection into the DTL. The RFQ does this essential task
better than any other known structure. Its average accelerating gradient is
~1.4 MeV/m.

The DTL is a 440-MHz, single-cavity, post-coupled linac structure, ~30 m
long, that accelerates the beam from 2.5 MeV to 125 MeV. It contains 150 drift
tubes, each containing a small, permanent -magnet quadrupole lens to focus the
beam. The DTL is driven by a single klystron that is coupled to the structure
through an iris near the center of the DTL. The average axial electric field

gradient is 6 MV/m.



134 METERS

30-kV DRIFT-TUBE LINAC COUPLED-CAVITY LINAC
INJECTOR (DTL) \ 1 (CCL)
RADIO-
FREQUENCY KLYSTRON | _KLYSTRON
UADRUPOLE o+ /1320 MHz
LINAC (RF0)

|
|

MAJOR TECHNICAL INNOVATIONS

PROTON BEAM PARAMETERS

HIGHER FREQUENCIES INJECTION ENERGY

HIGHER GRADIENTS RFQ/DTL TRANSITION ENERGY
LOWER INJECTION ENERGY DTL/CCL TRANSITION ENERGY
RFQ LINAC STRUCTURE FINAL ENERGY
POST-COUPLED DTL STRUCTURE PEAK BEAM CURRENT
PERMANENT-MAGNET QUADRUPOLE LENSES PULSE LENGTH
DISK-AND-WASHER CCL STRUCTURE REPETITION RATE

COAXIAL BRIDGE COUPLERS AVETAGE BEAM CURRENT

DISTRIBUTED MICROPROCESSOR CONTROL

PROTCN-LINAC PARAMETERS
FREQUENCY KLYSTRONS GRADIENT

RFQ & DTL SECTION 440 MHz 1 6 MV/m
CCL SECTION 1320 MH~> 6 8§ MV/m
Fig. 1.

Pion generator for medical irradiations.

30 keV
2.5 MeV
125 MeV
650 MeV

28 mA

60 us

60 Hz
100 A
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Fig. 2.
Typical PIGMI-facility layout.
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A

\\ ¢ DRIFT TUBE LINAC: (125 Mevy Y : NG . -

N\ % - 440 MHz 30 METERS LONG / 7 -

\ \ ' 1 TANK OF 180 CELLS / 2 CE DGR’ COUPLERS
: 1 KLYSTRON RF POWER -YNTEM TRON RF POWER-SYSTEMS

’ . p , . P .
/440 MHz KLYSTRON 1320 MHz KLYSTRON DISTRIBUTED CONTROL -
/7 RF POWER SYSTEM .(1) RF POWER SYSTEMS (6) . AND INSTRUMENTATION. -
(20 MW PEAK -POWER) (14 MW PEAK POWER EACH) SYSTEM MICROPROCESSOR- *
- ’ BASED ACCELERATOR AN‘D

— PFN MODULATOR (1) . ’ PFN MODL'LATORS}G) BEAM DIAGNOSTICS.

Fig. 3.
Principal components of PIGMI.

The CCL is a 1320-MHz structure of the "disk-—and-washer" (DAW) type’ that
accelerates the beam from 125 MeV to 650 MeV in ~100 m. The structure con-
sists of 108 tanks of 11 cells each, with the cell geometry of each tank opti-
mized for the energy range it spans. The entire structure is coupled by 1G7
single-cell coaxial bridge couplers into a single resonant unit. Each bridge
coupler contains a permanent-magnet quadrupole singlet to focus the beam. The
entire CCL is driven by six klystrons that are coupled to the CCL through six
bridge couplers symmetrically located along the structure. The average axial
electric field gradient is 8 MV/m.

A very attractive feature of the PIGMI accelerator is its stark simplic-
ity. There are only two resonant units: one at 440 MEz, and one at 1320 MHz.
This implies that there are only three principal! set points in the control of
the rf fields: namely, the amplitude of each and their reiative phase. A1l
magnetic quadrupoles (except those in the transition region between the DTL and
CCL) are of the permanent-magnet type that requires no power supplies or asso-
ciated instrumentation. The injection voltage is furnished by a rack-mounted
30-kV power supply. The low-energy beam-transport system consists of a single
einzel lens for control of the focusing, and minimal steering for correction
of any misalignments. In all, there are very few power supplies and very few

active control parameters.



Copper platinag is an important feature of the PIGMI technology. Because
copper-plated steel structures are lighter weight and stronger than correspond-
ing copper structures, we can handle completed subassemblies of PIGMI as mechan-
ical entities already tuned and aligned. A bright-leveling copper-plating
process® (standard in our automotive industry since 1960 for achieving smooth
surfaces on chrome-plated narts), used to fabricate PIGMI prototype parts,
gives the parts excellent electrical, mechanical, and vacuum properties.

A modest, distributed, MULTIBUS-based control system--of the type being
developed for other projects at FERMILAR and Los Alamos®--can handle the con-
trol and diagnostic requirements of this facility. It is entirely practical to

realize a three-state control: namely, OFF, STANDBY, and ON.

B. Injector System
The injector system traditionally has been an expensive and complicated

component of a proten linac. The conventional injection energy of ~750 keV
was reduced 1o 250 keV by the alternating-phase-focused (APF) structure in the
PIGMI prototype,!® further reduced to 100 keV in the RFQ proof-of-principle
{POP) experiment, and finally reduced to 30 keV for PIGMI.'! Injector opera-
tion at 20 kV dramalically simplifies the design, allowing the ion source and
associated electronics to be enclosed in a small vacuum housing and a single
equipment cabinet ‘Fig. 4).

The 30-keV qnjection energy satisfies the RFQ requirement for efficient
hunching in a minimum distance and for reliable operation of the single-gap
high-briahtness extraction system. Because of this Tow energy, electrostatic
focusina of the ion beam is more effective than the magnetic focusing used in
the PIGMI prototype. A three-element unipotential einzel lens was designed to
provide this electrostatic focusing; Fig. 5 shows the calculated beam profile
for a 32-mA nroton beam, extracted from the jon source and transported thrcugh
this system.

The einzel lens was selected because of simplicity of fabrication, min-
imal space requirement, and because no powcs and cooling are needed by magnetic
focusina. The excitation of this lens can be derived from a high-vcltage di-
vider system on the injector power supply. Calculations for this lens and
extraction system have shown that jon currents ranaing from 20-35 mA can be
focused into the RFQ when the lens voltage ranaes from 20-30 kV. Below 20 mA
of extracted heam current, the heam divergence is too large for all of the beam
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to enter the einzel lens aperture,
although most of the beam entering
the einzel iens is tocused into the

RFQ.

C. Radio-frequency Quadrupolie

The RFQ represents a revolu-
tionary new focusing, bunching, and
accelerating structure that promises
to be an important part of many fu-
ture proton, light ion and heavy ion
facilities.'?7'® The first RFO
structure in the Western Hemisphere
was tested in the PIGMI laboratory
in February 1980.'% A serijes of
highly successful tests confirmed the

general properties of the RFQ struc-

Fig. 4. ture and gave excellent agreement
n S iated i nt. .
Ion source and associated equipme between the measured beam propertics

and the predicted performance. The
tests established that the RFQ operates in a stable manner that is remarkably
insensitive to injection energy errors, rf excitation errors, and structural

fabricatior errors.
The RFQ is considered by many to be the "missing 1ink" in linac technol-

ogy. It represents a superb answer to one of the most difficult remaining

25 T % I e N
g T L /A ey /// HH N
Sy N e ; g

: i

R{cm)

Z tem)

Fig. 5.
Beam profile for the PIGMI injection system.



guestions of how to build simpie, reliable, and irexpensive proton or ion
The RFQ offers the lowest injection energy of any known linac struc-

It is the best buncher that has ever been conceived, bunching and accel-

linacs.

ture.
erating the beam with less emittance growth than any other known system.'” Tt

represents the best transformation that has been seen between the continuous
beams that come from ion sources and the bunched and accelerated beams required
by conventional linacs. The RFQ eliminates the need for large and costly
Cockcroft-Walten power supplies, complex multicavity buncher systems, low-
energy beam-transport systems, and their associated contrel instrumentation.

As shown in Fig., 6, the RFQ is essentially a vane-ioaded cylinder excited
in a mocdified TEZ]O cavity mode that produces a strong electric quadrupole
field near the axis. The transverse components of this field, which are uni-
form in space and alternating in time, give rise to strong, alternating-
gradient, focusina effects that can focus beams of particles traveling along
the structure's axis. Scalloping the vane-tip geometry, as shown in Fig. 6,
introduces a longitudinal component into the rf electric field near the axis;
this component bunches and accelerates the beams. Thus, the RFQ structure is
capable of focusinag, bunching, and accelerating beams of charged particles.

The structure is so simple that, for the first time, it is possible to
configure the linac for adiabatic capture of continuous beams at low energy.
This is done by introducino the scallops graduvally so that the structure acts
primarily as a buncher at the beginning, transforming gradually to an accel-
erator at the end. A ccmputer-generated picture of such a vane tip is shown

in Fig. 7. A cutaway view of the RFQ structure is shown in Fig. 8.
The RFQ is composed of

four regions: the radial
matching section, the shaper,
the gentle buncher, and the

18 in

acceleratirg section.
the radial ratching region,

the vane aperture is tapered

to adjust the focusing strength

from almost zero to its full

value, in a very short dis-

Fig. 6. R .
General configquration of the RFQ. tance; this allows the dc
injected beam to be matched



into the time-dependent
focusina. In the next two
regions, the shaper and the
gentle buncher, the beam is
adiabatically bu zhed as it
is accelerated. At the end
of the gentle buncher, the
synchronous phase angle of
the beam reaches its final
value and the bunched beam

is then accelerated in the

Fig. 7. final region. In this
Computer-generated view of the RFQ vane tip. region, the vane radius,
vane modulation, and phase
angle are held constant to
obtain the maximum possible
acceleration gradient.

The PIGMI RFQ (de-
sianed and analyzed with
the aid of the RFQ linac
design-and-simulation code
PARMTEQ) operates at a
440-MHz frequency and will
accept a 30-keV proton beam

Fig. 8.
Cutaway view of the RFQ structure. from the ion source. It

will focus, bunch, and

accelerate the beam to a 2.5-MeV energy in 1.8 m. Each vane tip has a total
of 200 scallops, varying in length from 0.27 cm at the beginning to 2.47 cn at
the end. The structure's minimum radial! aperture is 1.9 mm.

The RFQ's performance also was analyzed in detail with the PARMTEQ code,
which showed that it captures 92% of a 30-mA beam to vield the PIGMI design
current of 28 mA. The size, phase, and energy profiles are shown in Fig. 9.
The normalized emittance [(area/m)+*By] of the input beam was taken to be
0.048 cm*mrad. Figure 10 shows the beam's input and output phase spaces. The
transverse emittance growth (for the 90% contour) is a factor of ~1.4, which
is better than can be achieved by any other buncher/linac combination.

1
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spaces fer the PIGMI RFQ.

A coaxial manifold has been
developed that provides a symmetri-
cal, multislot driving arrangement
for the RFQ cavity.!®
cavity, surrounding the RFQ cavity,

A coaxial

is excited in a coaxial transverse
electromagnetic (TEM) mode. The
magnetic fields in the TEM mode are
orthogonal to the magnetic fields
in the RFQ mode.
be coupled by diagonal slots, where
the siot angles are determined by
the magnitude and direction of the

These fizlds can

magnetic fields near the slots.
Techniques are under investigation
for resonating these slots to pro-
vide resonant coupling between the
RFQ manifold and the RFQ cavity.

A technique has been proposed
for coupling the RFQ manifold to the
DTL so that the RFQ can derive its
rf power from the DTL, thus elimi-
nating the necessity for a separate
rf power source and drive Tine for
the RFQ.*°
developed and will be tested in the
PIGMI laboratory in 1981.

This technique is being

D. Drift-Tube Linac

Most proton linacs are of the

BTL type.
the last 10 years use post couplers?

Most linacs designed in

(developed at Los Alamos by the

1



principal investigators of the PIGMI program) to stabilize the distribution of
the electromagnetic fields within the structure. The properties and perform-
ance of these structures are well known,

The PIGMI DTL differs from conventional DTLs primarily in scale; it has
more than twice the frequency and nence less than half the cross-sectional
diameter of conventional linacs. PIGMI's high frequency and Tow duty factor
make its optimum accelerating rate higher than normal for conventional linacs,
thus making possibie a significantly shorter facility.

The small size of the PIGMI DTL does not require normal fabrication and
assembly techniques that call for entry of personnel into the interior of the
structure for assembly and alignment. 8222 The PIGMI scheme is based on the
preassembly of short (2.5-m) linac-tank sections into which the drift tubes can
be introduced (from the ends or through slots in the top) into precision-bored
holes along the bottom of the tank sections.

The PIGMI drift tubes also are considerably smaller than those in conven-
tional DTLs, precluding the use of electromagnetic quadrupole Tenses for focus-
ing the beam. The PIGMI solution is to use permanent-magnet quadrupole lenses,
made of modern materials in optional geometrical configuration (Fig. 11), which
results in very compact, but sufficiently strong, magnetic lenses.?®°2% The
design is further simplified by specifying that all guadrupoles have the same
length and strength throughout the structure.

The PIGMI DTL is a single-tank, post-coupled DTL, ~30 m long and 0.4 m in
diameter. It operates at 440 MHz, as does the RFQ linac, and accelerates the
proton beam from 2.5 MeV to 125 MeV, with an average axial electric field of
6 MV/m. Peak power dissipation in the structure is 14.2 MW and peak beam power
is 3.4 MW, for a total peak power requirement of 17.6 Md. The average power
dissipated in the structure is only 51 kW or 1.7 kW/m.

The DTL structure has 150 drift tubes and 74 post couplers. All drift
tubes have a 6-cm o0.d., a l-cm~diam bore hole, and are supported on a single
stem from the bottom of the tank. Figure 12 shows a cutaway view of a portion
of the DTL structure.

Each drift tube contains a permanent-magnet quadrupole lens to focus the
beam. A1l 150 quadrupole magngts are identical in size and strength. They
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Fig. 11.

Drift-tube and quadrupole configuration in DTL.

are made of samarium cobalt and are
magnetized to produce a quadrupole
gradient of 20 kG/cm over the
1-cm-diam bore.

The DTL structure is designed
and analyzed with the aid of the
linac design and simulation code,
PARMILA. The structure accepts

Fig. 12. essentially 100% of the accelerated
Cutaway view of the DTL structure. beam from the RFQ and accelerates it
to 125 MeV. Figure 13 shows the

size, phase, and energy profiles of the beam; Fig. 14 shows the input and out-
put phase spaces. The beam suffers essentially no emittance growth in the DTL.
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Beam phase spaces for the PIGMI DTL.

The 30-m linac structure is
fabricated as 12 tank sections, each
~2.5 m 1ong. The ends of the tank
sections are located at points cor-
responding to the midplane of a
drift-tube gap. The length, number
of drift tubes, and maximum energy
associated with each of the tank
sections are given in Table I. The
general mechanical features of the
first and last tank sections are

shown in Fig. 15.

TABLE 1
PIGMI DTL TANK SECTIONS

Length Numter Energy
Section (m) of DTs (MeV)
1 2.502 30 13.4
2 2.570 19 25.0
3 2.375 14 35.7
4 2 .556 13 47.?2
5 2.411 11 57.5
6 2.624 11 68.5
7 2.557 10 78.7
8 2.433 9 88.2
9 2.550 9 97.8
10 2.360 8 106.5
1 2.443 8 115.2
12 2.680 8 125.0
Toteal 30.061 150 125.0
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Fig. 15. midplane of every other drift tube
First and last DTL tank sections. and alternating from side to side
of the structure. Each tank section

has two half-meter-long slots in the
top surface for access to the interiar and for mounting vacuum pumps, fixed
tuners, variable tuners, etc.

Betore assembly of the entire structure, each tank section is fully as-
sembled, complete with Jrift tubes, post couplers, tuners, monitor loops, etc.
The drift tubes are aligned with the centers of the end flanges. The tank sec-
rions can be termirated by a conducting plane at each end; then the fine tuning
on the resonant frequency and the adjustment of the post couplers can be donz.

For final assembly, the tank sections are joined together and supported
by their end flanoes, which are aligned. The end flances are supported directly
from the floor by support structures that have good transverse rigidity and
poor lonoitudinal rigidity. The center of the DTL structure is anchored to a

riagid longitudinal support.

L. Coupled-Cavity Linac
Significant discoveries made at Los Alamos during the development of

LAMPE in the 1960s led to the development of practical CCL structures for
acceleration of proions at energies in excess of 200 MeV. The major advance
made at that time was the recognition of the importance of using biperiodic
standing-wave structures excited in the m/2 cavity mode.?® The structure
developed at that time is called the side-coupled structure?® and, when prop-
erly tuned, offers high efficiency in the conversicn of rf power to beam power,
with excepticnal stability in the distribution of the accelerating fields--a

feature that is essential for reliable operation.
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The Russians, interested in building a LAMPF-type machine, considered
the LAMPF side-coupled structure and two other structures: namely, the ing-
coupled structure and a DAW structure. They selected the latter because of
its large intercavity coupling constant and its potential for simple fabrica-

tion.
When the PIGMI program began, we assumed that the "high-beta" portion of

PIGMI would use a scaled-down version of the LAMPF side-coupled structure, and
we sought only to increase the intercavity coupling and to simplify the fab-
rication. The result of our search was the development of the DAW structure,
which satisfies both of these goals.?” A cutaway view of the DAW structure
is shown in Fig. 16.

SUPERFISH,2® a powerful rf-cavity calculational program was developed at
Los Alamos, partly in respcnse to the needs of the PIGMI program. This program
was used to analyze the DAW structure in detail, Exhaustive computer studies
with this program, coupled with test-cavity experiments, led to a thorough
understanding of the performance of this structurs ard to an optimized set of

parameters for the PIGMI application.2®
In long linac structures, such as PIGMI, it is necessary to hreak the

structure into shorter sections to aliow introduction of auxiliary apparatus

such as beam-focusing quadrupoles, beam-diagnostic equipment, vacuum isolation

COAXIAL BAIDQE COUPLEA - -

PEAMANENT MAGNET SINOLET —,

COUPLED CAVITY LINAC TANK -\

DISK —,

WASH]
V\ ER

BRIDGE COUPLER SUPPORT

N ACCELERATING CAVITY

- WASHER SUPPORT TEE STEM

Fig. 16.
Cutaway view of the DAW structure.
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::iT:TFZH:: ——Ij—jJ——Lr—— valves, etc. In meny cases, it also

P’ is desirable to couple these sections
into longer resonant units to reduce
the reguired number of rf-power drive
points and to lock the relative phase

__jl_jl_jl__ ___fl_JT__rl__ and amplitude of the fields in adja-
g = 0.5 £ = 2.6 cent sections. To take optimum ad-

vantage of the superior properties

of this structure, any reguired rf

LU LIt L couplers should also be of the reso-

nantly coupled type, with large cou-

pling constants; for practical rea-
! sons of structure tuning, the rf cou-

L _ I rmm pling of the linac structures should

represent a minimum distertion of

the field patterns in either element.
Fig. 17. Such couplers at LAMPF have been
Singie-cell bridge-coupler geometries. called bridge couplers because they
bridge the resonant properties of the
Tinac structure around the auxiliary
apparatus.

To adequately house the required apparatus within the Tinac structure,??
single-cell bridge couplers have heen developed for the PIGMI application.
Fiaure 17 shows the aeneral geometry of these bridge couplers for the values
of B equal to 0.5, 0.6, 0.7, and 0.8. There is a reaion of hiah magretic
field and zero electric field in the center of each bridge coupler. Conducting
radial supports in this plane have a nealigible effect on the accelerating mode
and a tolerable effect on the coupling mode. Hollow conducting radial supports
provide suitable channels for the services required by the auxiliary apparatus
housed within the bridge couplers, such as cooiing water for the bridge-coupler
parts, signal leads for beam-diagnostic devices, and control rods for mechani-
cal devices. Practical designs for bridge couplers have been made that incor-
porate a variety of these features.

The PIGMI CCL s ~100 m long and 0.34 m in diameter, operating at
1320 MHz--three times the frequency of the DTL. It accelerates the proton beam
from 125 MeV to 650 MeV, with an average axial electric field of 8 MV/m. The
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peak-power dissipation in the structure is 69 MW and the peak beam power is
14.6 MW; the total peak power requirement is 81.4 MW, The average power dis-
sipated in the structure is only 250 kW or ~2.5 kW/m.

The PIGMI CCL comprises 108 tanks of 11 cells each, whose lengths vary
from 0.6 to 1.0 m. The cell geometries are uniform throughout each tank but
differ from tank to tank. The tanks are resonantly coupled by 107 sinale-cell
bridge couplers, each containina a permanent-magnet quadrupole singlet for
focusing the beam. Figure 18 shows the qeometry of the guadrupole singlet; all
107 quadrupole singlets are identical. They are made of a ceramic material
magnetized to produce a quadrupole gradient of 5 kG/cm over the 2-cm-diam bore.
The bore-hole diameter of the structure and of the bridge coupler is 2 cm.

The CCL structure is designed and analyzed with the aid of the Tinac
design program, DAWDSN, and the linac simulation program, DAWLIN.?! The
structure accepts essentiaily 100% of the accelerated beam from the DTL and
accelerates it to 650 MeV. The size, phase, and energy profiles for the beam
are shown in Fig., 19; the input and output phase spaces of the beam are shown
in Fig., 20. Essentially, the beam suffers ng emittance growth in this portion

of the PIGMI facility.

~—BRIDGE-COUPLER SUPPOf. Y

BRIDGE-COUPLER
FACE

MAGNET

PERMANENT ~ HOLDER

MAGNET

COOLING MAGNE TIC ORIENTATION
TUBES OF PERMANENT MAGNETS

Fig. 18.
CCL bridge-coupler and quadrupole configuration.
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For the purpose of the facil-
ity's organization, the CCL is sub-
divided into 6 modules of 18 tanks
each. A high degree of similarity
is imposed on the organization of
each module with regard teo the dis-
tribution of the necessary auxiliary
features such as rf drive points,
beam and accelerator diagnostic
instrumentation, and vacuum equip-
ment, The center bridge coupler of
each module accommodates one of the
six 1320-MHz rf power systems. Each
module's end bridge coupler is out-
fitted with a coaxial ceramic window
and a compact beamline valve to
provide vacuum isolation between
modules for maintenance purposes.
The remaining bridge cc'plers accom-
modate an array of vacuum pumps and
diagnostic gear. Ficure 21 shows a
typical module, and Table II gives
the length and maximum energy asso-
ciated with each module.

Before fabrication of each
tank, the parts are assembled in a
temporary fashion to check the reso-
nant frequency and the stop band
between the accelerating mode and
the coupling mode. If changes are
necessary, they are made to the
individual washers. When these con-
straints are satisfied, the fabri-
cation of the tank 1is completed.

The tanks are then joined in small

groups to test the properties of the
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Fig. 21.
Typical module of the CCL.

bridge couplers; if minor chenges
are required in the bridge couplers,
they can be made at this time. When

the entire structure is assembled at

TABLE I1
PIGMI CCL MODULES

Length Number  Energy ]
Modules (m) of Tanks (MeV) its finar destination, only minor
tuning should be needed to achieve
1 12.60 18 193 the desired resnnant frequency and
2 1461 18 271 field distribution.
3 16.22 18 357
4 17 .52 18 450 F. The Radio-Frequency Power
5 18.56 18 548 Systems
6 19.42 18 650 The PIGMI frequencies of
440 MHz and 1320 MHz were chosen
partly on beam-dynamics considera-
Total 98.93 108 650 tions and partly on the availability

of suitable klystrons. Many mili-
tary radar klystrons have been
designed to operate in the 400- to 450-MHz band and the next higher frequency
band of 1250 to 1350 MHz. The PIGMI frequencies, which must be harmonically
related, were chosen to fall in these ranges.
The costs of the rf systems were compared for three different Leam-pulse
patterns of similar duty factor: namely, 10-us beam pulses at a 360-Hz

repetition rate, 30-us beam puises at a 120-Hz repetition rate, and 60-us
21



beam pulses at a 60-Hz repetition rate. The shorter beam pulse and higher
repetition rate reduce the cost of the pulse-forming network (PFN) modulator
but consume more average power hecause of the larger number of cavity fill
times. The longer beam pulse and lower repetition rate result in a 100-kW
power saving over the medium-pulse alternative and in a 240-kW power saving
over the short-pulse alternative. The 60-us, 60-H7 option has been adopted
for FIGMI because the power savings resulting from the lower repetition rate
will override the additional cost of the PFN modulators associated with the
Tonger pulse length.

The cavity power dissipation for the 440-MHz portions of PIGMI (RFQ and
DTL) are estimated to be 16.2 MW, and the beam loading for this same region
corresponds to 3.5 MW. The rf pulse length must exceed the beam pulse length
by the cavity fill time of ~15.6 us. The rf duty factor is 60 x 75.6 x 10"~ or
0.004536. The total peak-power requirement at 440 MHz is 19.7 MW, and the
average-power requirement is 89.4 kW. A single Varian VA-81ZE klystron can
satisfy both the peak- and averaace-power requirements of the 440-MHz portions
of PIGMI.

The cavity power dissipation for the 1320-MHz portion of PIGMI s esti-
mated to be 66.8 MW, and the beam loading for this same region corresponds to
14.6 MW. The cavity fill time of the 1320-MHz structure is only 3.6 us, and
the rf duty faclor is 0.033816. The total peak-power requirement at 1320 MHz
is 81.4 MW, and the average-power requirement is 310.6 kW. Five Litton L-5081
klystrons are capable of satisfying both the peak- and average-power require-
ments of the 1320-MHz portion of PIGMI. The PIGMI design is based on six such
klystrons operating at a reduced level, providing the possibility of continued
operation if there is failure of a single klystron.

An appropriate PFN modulator has been designed and is being fabricated
for the PIGMI component test program., Figure 22 shows the modulator and
Fig. 23 shows the general physical properties ot the 1320-MHz i'f power system.

G. Computer Control and Instrumentation System
The PIAMI control and instrumentation system will provide the operator
with & three-state control: namely, OFF, STANDBY, and ON. The STANDBY and ON

[

states are identical in that all equipment is on and running within tolerance,
with the exception that in the STANDBY state the beam js inhibited at the jon

source and certain beam stops are inseried.
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In either of these states, the operator can monitor the detailed perfcrm-
ance of every system in the facility. A1l set points designed to influence the
performance of the machine are available to the operator through the control
system; these set points can be set up, monitored, and/or recorded for future
setup purposes by convenient parameter-management procedures.

In the ON state, the operator can monitor the beam properties, beam-loss
evidence (if any), and beam-loading effects on the accelerator equipment sys-
tems, Certain tuning procedures will be available to the operator for fine
tuning of the performance.

If there is equipment failure, the control and diagnostic system will
identify the faulty equipment and will notify the operator. In some cases,
further diagnostics may be available to pinpoint the unit that should be
replaced; most repairs will be accomplished by unit replacement.

A1l critical parameters will be monitored periodically and will be com-
pared tc their current set-point values and tolerance limits. The operator
will be notified of out-of-tolerance conditions, and in some cases corrective
action will be automated. Selected data will be collected on a reqular basis
for general and specialized logs to support machine records and statistical
studies of machine performance.

As shown 1in Fig. 24, the control system consists of a minicomputer, a
control console, and a distributed array of small, modular, and intelligent
control stations. The design is based on an advanced architecture developed
and demonstrated at FERMILAB. The design benefits from state-of-the-art engi-
neering and from years of experience in controlling an operacing linac. This
general configuration soon will control several new accelerator facilities,
including the injector linac and the antiproton accumulator ring at FERMILAB.
The PIGMI system will benefit from these related applications.

The equipment systems under the survejllance of the control system
include injector parameters, cavity field parameters, temperature control,
forward and reflected powers, PFN-modulator parameters, beam diagnostics, beam-
spill radiation monitors, and some electromagnetic quadrupoles and steering
magnets. Some protection systems, such as the personnel safety, the run-
permit, and the fast-protect, are implemented independently of the control sys-

tem and provide their status, but no control, to the computer control system.
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Fig. 24.
PIGMI control-system configuration.

The control system will experience its heaviest load during commission-
ing, routine accelerator-maintenance periods, and subsequent turn-on. These
are also the periods in which the greatest demands will be made for good re-
sponse from the system. The system will be expected to support accelerator
maintenance with effective diagnostic testing and exercising of all subsystems.
It will provide straightforward and, in some cases, automatic procedures for
machine turn-on, tune-up, and fault recovery. Effective and responsive control
will be provided at the operator's console, including visual displays and
timely execution of operator instructions. During the initial commissioning
period and subsequent machine-development periods, the control system will
support a variety of beam-diagnostic measurements.

ITI. CONCLUSIONS

PIGMI can be built! A1l the technologies have been developed or iden-
tified. These technologies give rise to a new breed of proton linacs that
will be reliable, modular, easy to maintain, and easy to operate. These new
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linacs will find numerous applications in the arenas of both medical and nuclear

Medical applications will inciude pion generation, neutron generation,
When

science.
radioisotope production, and proton beams for diagnosis and treatment.
combined with an EBIS, PIGMI yields a very attractive heavy ion acceleration
scheme, which some of our medical friends have labeled with the acronym HIGMI.
PIGMI offers to nuclear science economical sources of medium-energy protons at
medium intensity and, if used with storage rings, also offers both long and
very short pulses. There are many interesting applications of PIGMI technolo-
gies: for many of us in the medical and nuclear-science fields, there is a

PIGMI in our future.
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MICROWAVE AND MAGNET-SYSTEMS SECTION

I. INTRODUCT ION

A new section was formed in AT Division in June 1980. 1Its purpose is to
design, build, and test equipment in the following areas: high-power rf sys-
tems, rf structures, and magnet systems for beam transport. Below we discuss

the status of different projects in these areas.

[I.  RADIO-FREQUENCY SYSTEMS

Parts have been ordered and assembly started on the PIGMI 1300-MHz rf
system. The system has a variable pulse Tength (made possible by changing
line sections) of from 5 to 100 us; the output power is 7 MW peak and 30 kW
average. The system is a straightforward line-type modulator design.

Continental Electronics of Dallas, Texas, is proceeding with the 80-Miz
system for the FMIT Facility. A preliminary design review was held in August
and only minor discrepancies were found. The low-power rf test system for
Continental Electronics was completed and shipped to them in November. Work
immediately began on the prototype Tow-power rf system. Two main tasks are
being pursued to complete the design: finish breadboarding the phase-
detector system and the frequency-~untrol system. A contract was placed for
the coaxial lines, as well as associated hardware for the entire project, with
Dielectric Communications of Raymond, Maine.

Work has continued on the 440-MHz rf system for the Accelerator Test
Stand (ATS) program; assembly is proceeding on schedule. This system is a
long-pulse, modulating-anode system witt a 100-us pulse length and an output
power of 1.25 MW peak and 60 kW average.

ITI. RADIO-FREQUENCY STRUCTURES

Three RFQs presently are being designed or rebuilt. AT Division has
leased a three-axis milling machine. We are now able to machine our own RFQ
vanes in the Division's branch shop. A decision was made to rebuild the PIGMI
RFQ. After disassembly, examination revealed severe arcing on the vanes. It
was not possible to determine the complete history of the vanes; however, it
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was clear that they had been severely abused during initial aging, subsequent
running, and the attempt to find the breakdown 1imit. The condition of the
entire RFQ indicates that the required tolerances are not as tight as origi-
nally anticipated. New vanes are being fabricated for the PIGMI RFQ. RFQs for
the ATS and FMIT programs also are being constructed. It appears that the best
fabrication technique is to make the vanes out of mild steel and then plate
them with copper. This gives a better surface finish on the vanes than electro-
polished copper and makes them stronger. Considerable work has been done to
resonate the slots that couple the manifold to the RFQ. This is being done in
an effort to interlock the fields in the two parts of the structure. The slots
can be made resonant by using an adjustable, capacitive flap in the center of
the slot; however, this scheme causes an increase in the coupling factor and
creates a possibly troublesome potential for TE11N modes in the manifold.

Buncher cavities are being designed for the PSR short-pulse mode. If
these cavities are not tuned between each bunch extraction, then more than
350 kW of rf power will be required. If the cavities could be tuned during the
bunch extraction time, the required power decreases to 25 kW. Preliminary
tests on a cavity that is coupled to the buncher cavity, then tuned with an
appropriately coated audio-speaker cone, look promising. We believe the cavity
frequency can be varied at an appropriate rate when a ramp is driving the
speaker.,

Work is continuing on the DTL model for the FMIT Facility. The proton
velocity varies rapidly from cell to cell, and so far, the extreme tilt sensi-
tivity is causing considerable tuning difficulty. We will try to Tower the Q
to induce a measurable power-flow phase shift and thereby reduce the problem's
magnitude. ’

Initial cold tests have been run on a DAW structure tuned to compensate
for the T-shaped (TQ) supports. The measured Q, with the supports brazed {but
with the outer walls clamped), achieved 75% of the theoretical Q when the end-
wall losses were removed from the measurement. Parts of the TE110 passband
below 4.0 GHz have been identified., The measured Rsh’ with an assumed Q of
15 000, was 8 MQ/m at a 1.4-cm radius.
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IV.  MAGNETS

Preliminary designs of the injection magnets and the ring magnets for
the PSR are being defined. Some time has been spent investigating the use of
solid-core versus laminated-core magnets for the PSR ring magnets. It now
appears that the laminated core will be used.

Permanent-magnet pieces for the drift-tube quadrupoles in PIGMI are on
order. Assembly techniques now are being studied, as are measurement tech-
niques for the small drift-tube bore. Experience has shown that the small

magnet sections are extremely fragile.
V. THE GYROCON RADIO-FREQUENCY-GENERATOR PROJECT

The entire effort in this reporting period was devoted to completion of
the prototype gyrocon. The gyrocon consists of several major units: the gun
assembly, the deflection cavity, the output cavity, the bender cone, and the
output couplers. Some interference was found between the valve on the gun
section and the deflection cavity, and between the output and deflection cav-
ities. These were rectified by modest remachining of these components. The
most serious problem encountered was the mismatch of resonant frequencies in
the deflection and output cavities. The resonant frequency of the output cav-
ity had been measured before the cavity was copper plated; it was very close
to that of the deflection cavity. After the output cavity was copper plated,
the measurement was repeated and the mismatch problem was discovered. The
output gap was remachined and four rings were added to lower the frequency.
This process included several iterations of cutting the rings, measuring the
new frequency, and then continuing the cutting. In late September 1980, the
gyrocon was assembled, and all water and vacuum joints were found to be leak
tight. A view of the assembled gyrocon is shown in Fig. 25, and a simplified
cross section of the gyrocon is shown in Fig. 26.

The gyrocon is too large for the klystron oven, so it was baked with
heater tapes to ~80°C. Initially, the vacuum pressure was too high to
allow the beam and the rf drive to be on at the same time; but after ten days
of pumping, both could be driven simultaneously. Severe multipactoring was
noted at a low icvel of ~100-W drive, and further increases in drive pc.cr
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Fig. 25.
The prototype gyrocon and its modulator after assembly.

produced no more fields in the deflection cavity. The beam current was varied
from 0.5 to 8.0 A and the gyrocon was operated using 100-us pulses at repeti-
tion rates from 0.2 to 1 Hz. Under most conditions of magnet and beam currents,
30 to 60 % of the cathode current was intercepted by the collector, and very
small amounts of rf power {usually about 10 W) were produced at each rf output
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Fig. 26,
Cross section of the prototype gyrocon.




line. The collector is isolated from ground and a bias voltage of #100 V can
be applied to the collector. This experiment indicated that most of the elec-
trons arriving at the collector were of low energy and were probably scattered
Ly the bender cone. A quadrupole bender magnet, located between the electron
gun and the vacuum valve, was designed and buiit, uWe obtained maximum trans-
mission to the collector when the beam was misaligned and made to strike the
side of the cone. By experiments with the gquadrupole bender, we noted good
agreement between the gyrocon's electrical and mechanical axes.

The electron gun had a leak that appeared as soon as the gun was assem-
bled. Tnis leak was temporarily repaired with Vac-Seal and the gun was baked
in the klystron oven before the gyrocon was assembled. The gun has always
been partially poisoned. It would produce full space-charge limited currents
for only an hour, and then the cathode current would steadily diminish. By
the end of the reporting period it was decided to take the bender cone out,
coat the deflection cavity with titanium to reduce the multipactor problem,
and build a phosphor-screen and aperture-plate system to view the electron
peam after it reaches the deflection cavity. The electron gun will eventually
have to be replaced, but this will be done only after the phosphor-screen

experiments have been completed.
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THE RADIO-FREQUENCY QUADRUPOLE LINEAR ACCELERATOR (RFQ)
I. RFQ GENERAL DEVELOPMENTS

A. RFQ Linacs with Lower Injection Energy and Higher Electric Fields

In the design of conventional linear ion accelerators there is usually a
premium on having a dc injector with a voltage as high as possible. A high
voltage reduces the length of the Tinac required to produce a given final beam
energy. Also, a conventional Tinac normally is injected with a bunched beam,
which causes a beam-current bottleneck at the input. Because the beam-current

capacity increases with ion velocity, a higher injection energy also is desir-
able to increase the beam-current capability of the linac.

In a typical RFQ linac, this situation is radically changed. Because
most of the RFQ is devoted to bunching the beam, the length required to produce
a given final energy decreases with decreasing input energy32 An RFQ with a
Tow input eriergy still has a high beam-current capacity because the current
bottleneck occurs not at the input, but at the end of the gentle-buncher sec-
tion where the energy is about 10 times the input value. Often this means
that the RFQ input energy should be as low as possible, consistent with the
ion source's ability to produce the specified ion beam current. In the final
RFQ linac designs described later, these conflicting requirements have led to
a 75-keV deuteron energy for the input to the FMIT prototype RFQ and a 30-keV
proton energy for the input to the PIGMI RFQ 1linacs.

Another important aspect of RFQ Tinac design is the value chosen for the
maximum-surface electric field.?® The 425-MHz POP test used a value of about
30 MV/m, or 1.5 times the Kilpatrick 1imit. RFQ beam dynamics designs made at
higher field values have shown greatly improved performance. It is unfortunate
that there are very few definitive studies of how high a surface field can be
used. A 425-MHz sparking test with a test resonator, performed before the POP
RFQ was designed, suggested a practical limit of nearly 2.4 times the Kilpa-
trick limit. Based on these data and a general evaluation of the literature
on rf breakdown, as well as the experience from linear accelerator labcra-
tories, we have been led to the use of higher design fields. 1In Sec. II.A we
discuss three 440-MHz RFQ T1inacs that were designed with surface electric
fields of 40 to 41 MV/m (about twice the Kilpatrick 1imit). The final design
for the 80-MHz FMIT prototype uses 17.6 MV/m {about 1.7 times the Kilpatrick
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1imit). The use of higher surface fields, together with the use of Tlower
injection energy, has led to RFQ Tinac designs that have reduced overall
length, improved beam-dynamics performance, and decreased rf power consumption.

B. Development of Computer Programs

1. The RFQ Design Program CURMAX. A computer program (CURMAX) has been
written to chuose the design frequency for those RFQ designs that require a

maximum beam current. The program takes as input a maximum allowable zero-
current transverse phase advance per focusing period, which is usually taken
to be n/2; then, given the mass, charge, injection energy, and the product of
initial particle wave number times aperture, the program finds the frequency
that obtains the maximum phase advance. The program also produces an output
in tabular form that ailows an operating point to be determined at the end of
the gentle buncher, which gives equal longitudiral and transverse current lim-
its. CURMAX is useful for those high beam-current RFQ applications for which
the freauency can be chosen to maximize output current. Heavy ion fusion and

neutral beam heating are good examples.

2. The RFQ Design Program RFQUIK. A computer program (RFQUIK) has been
written that permits fast and easy design for the RFQ. RFQUIK takes as input
the charge, mass, frequency, input energy, final energy, and beam current—-as
well as five parameters that determine the RFQ current Timit at the end of the
gentle buncher. The current-1imit systematics are evaluated from a different
program (CURLI), which is based upon analytic formulas previously derived.
RFQUIK has two modes of operation. In the first mode (fast-output mode), the

user can input the remaining parameters that complete the RFQ's specificatign.
One line of output allows the user to evaluate the expected length, power, and
performance for that design. The user may continue in this mode, trying to
optimize the parameters, until a satisfactory design is indicated by the line
of output. Then the user can enter the desired optimized parameters in the
second mode (complete-output mode), in which the program writes an input tape
for a PARMTEQ beam-dynamics simulation. With the aid of RFQUIK, a complete
RFQ design can be made and tested in less than 1 h. This procedure has been a
valuable tool for the many RFQ preliminary designs that have been done.
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3. The Beam-Dynamics Analysis Program PARMTEQ. After the parameters of

a specific RFQ linac havc been chosen by using CURMAX and RFQUIK, the detailed
performance characteristics are determined from the multiparticle beam-dynamics
simulation program PARMTEQ. This program, which was constructed within the
general framework of the well-known PARMILA program, exists in three versions.
The first version is referred to as PARMTEQ-A. The dyramics calculations used
certain integrals that could be computed once and then stored for future ‘se,
By using these integrals, each cell could be divided into a few segments, typ-
ically four, and the coordinate transformations could be calculated for each
segment. However, the transformations were valid only for particles having a
kinetic energy near the synchronous energy.

In PARMTEQ-B, the second version, each cell is divided into more segments
than in PARMTEQ-A, typically 8 or 10, and the changes in the coordinates are
calculatea at each segment by using a drift-impulse-drift technique. Compared
to PARMTEQ-A, PARMTEQ-B requires more steps per cell, but each step is consid-
erably simpler and no assumption is made about a particle's energy.

The third version, PARMTEQ-C, written by Bruce Chidley from Chalk River,
differs from the other two versions by using time, rather than distance, as
the independent variable. In this case, each rf period is divided into a
number of segments and the changes in the particle coordinates are calculated
at each time segment. The main advantages of using time as the independent
variable are (1) the space-charge calculations are more straightforward and
(2) the main focusing forces depend on time and not on distance. Tre dis-
advantage is that the programming logic is more complicated because, at the
time the transformations are made, the particles are distributed in the
z-coordinate.

A1l three versions have been standardized to accept the same input files
and to produce similar output files, which are then usually processed by the
program, OUTPROC. The output also is identified as to which version of

PARMTEQ was used.
Normally, PARMTEQ-B is used as the standard version during the RFQ design

process. After a satisfactory design has been achieved, the other two versions

are then run as additional checks, because different techniques are used in the

three versions.
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C. Collaboration with CERN

(CERN) in Geneva, Switzerland, has asked the AT Division to cooperate in
the design and construction of an RFQ linac. This linac would replace the
SAMES dc injector, mede by the SAMES Co. in France and used with the “o1d"
200-MHz injector linac for the CERN proton synchrotron. It will operate with
a frequency of 200 MHz and will have a 100-mA peak proton current and a 515-keV
output energy. We have generated a preliminary beam-dynamics design tha* is
described later in this report. The plan is to carry out the mechanical design
and construction of the RFQ vane assemblies at CERN, and then send them to Los

Alamos for machining of the pole tips.
II. THE DE [GN OF SPECIFIC RFQ ACCELERATORS

A, Final Designs
Final beam-dynamics designs have been completed for three RFQ linacs.

These are for the PIGMI prototype,’* the PIGMI full accelerator,2® and the
FMIT prototype.®® The main parameters are summarized in Table III  The
required rf power was estimated by using an approximate formula for structure
power. The results from the formula were multiplied by 1.5 to correct for
actual copper losses and for losses in the coaxial manifold surrounding the

RFQ four-vane resonator.
Finally, the beam power was added to obtain the total peak power values

in the table. The maximum value of the surface electric field is 40.6 MV/m
for the two PIGMI designs and is 17.6 MV/m for the FMIT design.

It is interesting to compare the PIGMI prototype parameters with the
parameters for the POP test. The POP RFQ beam-dynamics design, completed in
August 1979, accelerated protons from 0.10 to 0.64 MeV in 1.1 m. Advances in
RFQ design procedures have allowed us to design the PIGMI prototype RFQ to
accelerate the same proton current from 0.03 to 1.50 MeV in the same 1.1-m
distance.

The f .al beam-dynamics design for the FMIT RFQ has met all original
specifications. The transmission efficiency is greater than 909, the radial
emittance growth is less than a factor of 3, and the overall length is Tess
than 4 m. Figure 27 is a computer-generated plot of the FMIT prototype RFQ
pole-tip shape in the x-z plane. Note that the transverse scale has been
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TABLE ITI

RFQ LINAC FINAL DESIGN PARAMETERS

Ton

Frequency (MHz)

Input energy (MeV)

Ouput energy (Mev)

Nominal current (mA)
Transmission efficiency (%)
Output emittance®

Length (m)

Peak rf power (kW)

arms normalized area/w in cmemrad units.

VANE PROFILE (CM)»

4 73

P1GMI FMIT
Prototype Full Accelerater Prototype
u H p*
440 440 80
0.03 0.03 0.075
1.50 2.52 2.00
30 30 100
93 91 94
0.009 0.008 0.036
1.11 1.78 3.88
193 400 491
CELL NUMBER e 136

I IRM / SHAPER

w
T /y—vv

GENTLE BUNCHER

u
L) Tﬁ—\\ T

ACCELERATOR

100

200

VANE LENGTH (CM)

Fig. 27.

300

FMIT prototype RFQ pole-tip shape.
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expanded relative to the longitudinal scale. The figure shows the lengths of
the four functional sections: radial matching (RM), shaper, gentle buncher,
and accelerator. The total length of the sections principally devoted to the
bunching process (shaper and gentle buncher) constitutes a major portion of

the RFQ overall length.

B. Preliminary RFQ Beam-Dynamics Designs
The design flexibility of the RFQ accelerator, together with thz success

of the POP test, has stimulated interest in a wide range of pcssible RFQ appli-
cations. Many Laboratories have requested information oin 'wow well an RFQ

accelerator would perform in solving specific problems. (ften, the beast way
Lo respond is by making a preliminary beam-dynamics design of an RFQ system.

A great many such designs have been made, and usually they are sufficiently
challenging that we benefit by working toward a solution. The following is a
brief summary of six of these primary designs. A summary of the design param-

eters is presented in Table IV.

TABLE 1V
RFQ PRELIMINARY DESIGN PARAMETERS

AT Neutral Chalk

Division CERN Beam River LBL BNL
Ton H H D~ WY QA= 174 W
Frequency (MHz) 425 202.56 25 100 200 201.25
Input energy (Mev)? 0.1 0.05 0.2 0.1  0.0125 0.02
Output energy (Mev)?® 2.0 0.515 1.0 2.0 1.0 0.75
Nominal current (mA) 100 100 1780 300 0.10 0.10
Transmission efficiency (%) 96 96 89 98 94 99
Output emittance® 0.018  0.04 2.1 0.10 0.016 0.01
Length {(m) 2.89 1.33 3.44 4.10 4.20 1.23
Peak rf power (kW) 1150 280 3100 1640 215 66

dFor the LBL design, the units are MeV/nucleon.
Lrms normalized area/r in cmemrad units.
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1. RFQ for AT Division. A preliminary design was requested for an RFQ
that could bunch and accelerate 100 mA of H™ from 100 keV to 2 MeV at 425 MHz,
with a final normalized rms output emittance of 0.02« cm+mrad or less. The

resulting design37 was made, assuming a maximum surface field of 40 MV/m (2
times the Kilpatrick 1imitj. The length was 2.89 m and the total peak-power
requirement, including the manifold and the beam, was 1.15 MW. The beam-
dynamics simulation with PARMTEQ predicted 96% transmission for an input beam
of 105 mA with an input normalized rms emittance of 0.016n cm-mrad. The output
beam of 101 mA had a normalized rms emittance of only 0.018n cm-mrad, which was

within the design specifications.

2. RFQ for CERN. In anticipation of the proposed collaboration between
CERN and Los Alamos, the linac group at CERN regquested a preliminary design for
a 100-mA RFQ injector into the old 50-MeV proton linac injector of the CERN
protron synchrotron. The resulting design was made for a maximum surface field
of 26.5-MV/m (1.8 times the Kilpatrick limit at 202.56 MHz). An input energy
of 50 keV was chosen and the output energy was specified to be 515 keV. The
Tength was 1.33 m and the peak-power requiremert, including manifold and beam,
was 280 kW. The PARMTEQ simulation predicts 96% transmission for an input pro-

ton beam current of 110 mA.

3. RFQ for Neutral Beam Heating. An RFQ preliminary design®® was made
for a presentation at the DOE Neutral Beam Workshop. The goal of our prelimin-
ary design was to obtain the maximum beam current of D™ at 1 MeV in a single
channel. The resulting RFQ operated with a 25-MHz frequency and bunched and
accelerated 0™ from 200 keV to 1 MeV in 3.44 m. The maximum surface field
was 20 MV/m. The PARMTEQ simulation predicted a 1.78-A output beam current for
a 2.0-A input current. The peak power was estimated to be 1.8 MW.

4. RFQ for Chalk River ZEBRA Project. The accelerator group at Chalk
River requested a preliminary evaluation of the RFQ as an injector for their
electronuclear breeder accelerator. We designed an RFQ !2that bunched and
accelerated a nominal proton-beam current of 300 mA from 100 keV to 2 MeV in
4.1 m. At the 100-MHz frequency and a 22.7-MV/m peak surface field, the peak

rf power was 1.64 MW.
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5. RFQ Injector for LBL Medical Heavy Ion Synchrotron. In preparing a
proposal ®% to the National Cancer Institute, LBL requested our help in design-
ing an RFQ injector for a heavy ion synchrotron. The requirement was for a Tow-
10 with a charge-to-mass ratio of 0.25.

beam current of ions such as C+3 or Ar
A 200-MHz frequency was chosen and the injection energy was 12.5 keV per
nucleon; the peak surface field was 28.7 MV/m. It was efficient to use two
separate RFQ tanks, each having different vane voltages and different aper-
tures. The first tank hunched and accelerated the beam to 1 MeV/nucleon, and
the second tank continued the acceleration to 4 MeV/nucleon. The performance
of the first tank was simulated with PARMTEQ, and the results for this tank

are summarized in Table IV.

6. RFQ for AGS Polarized Proton [njector., We were requested by an
Argonne-Brookhaven joint collaboration to help in evaluating the RFQ as an
injector into the 200-MeV linac at the Brookhaven Alternating Gradient
Synchrotron (AGS). In this application, the RFQ would bunch and accelerate a
Tow-beam current of H™ frem a polarized ion source to a final energy of
750 keV. A design was generated with an input energy of 20 keV and a peak
surface field of 22 MV/m (1.5 times Kilpatrick).

Information on the three other RFQ applications was presented in a
paper'’® written for the Geneva Conference on High-Energy Accelerators. First,
a preliminary FMIT design with a constant-bore aperture was described. Next,
we discussed a 200-MHz RFQ linac for use as a DTL injector, and finally we

described a low-frequency RFQ for use in a heavy ion fusion driver.

[II. ACCELERATOR BEAM DYNAMICS

A. Space-Charge Limits in Linear Accelerators

Equations have been derived that allow an approximate evaluation of the
limiting beam current for a large class of rf linear accelerators, using
quadrupole strong focusing. Included are the Alvarez, the Wideroe, and the
RFQ linacs. The limiting-current formulas*® were cbtained for both the

longitudinal and transverse degrees of freedom by assuming that the average
space-charge force in the beam bunch arises from a uniformly distributed charge
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within an azimuthally symmetric, three~dimensional ellipsoid. For the trans-
verse current limit, a smooth-approximation method was applied to the Mathieu
equation. Close agreement hsz: been obtained between the current Timits from
the formulas and the limiting current as obtained from computer studies using
PARMTEQ. The resulting formulas have been an indispensable tool for RFQ design

at high beam currents.

B. Improved Space-Charge Calculations for Beams Having Elliptical Cross

Section

The standard space-charge subroutine used by the PARMILA family of pro-
grams, as well as by other dynamics programs, previously has made the assump-
tion that the beam had a circular cross section. For purposes of computing
the space-charge fields, each simulation particle was assumed to lie on a
uniformly charged circular ring. This subroutine has been modified*! so that
beams having elliptical cross sections can be handled better.

In brief, the modification consists of determining the ellipticity of
the beam from the rms properties of the x- and y-coordinates, transforming
these coordinates from the elliptical frame to a circular frame, calculating
the electric fields in the circular frame, and then transforming the fields
back to the elliptical frame. The procedure should give correct results for a

uniformly charged elliptical beam.
Iv. HEAVY ION FUSION ACCELERATOR DEVELCPMENT

A. The Combination of Ion Beams by Funneling

A11 proposed schemes for using rf liracs to produce heavy ion beams for
inertial fusion require the beam current to be increased by sequentially com-
bining linac output beams. To accomplish this increase, it has been proposed
to funnel pairs of beams together in a manner that increases the beam current
with no increase in radial emittance. For this latter step it is possible to
use a time-varying electric deflector to interlace the microstructure pulses
and to make them colilinear. This combined beam then would be further accel-
erated in another linac that operates at twice the frequency of the first-linac

stages.
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Because the rf deflector is an important element of this system, a
study42 was made of a wide variety of possible arrangements. This study
shows that appropriate deflectors can be designed. However, further overall
work is needed to develop a system that provides the necessary radial focusing

and bunching during the funneling process.

B. A High-Current, Four-Beam, Xenon Ion Source for Heavy Ion Fusion

With M, R. Shubaly, work was completed at Chalk River Nuclear Laborato-
ries on the design and component testing of a four-beam, xenon ion injector for
the four-channel RFQ accelerator, proposed here at Los Alamos as the initial
staqe of a heavy ion, inertial-confinement, fusion driver.*® In this scheme,
each channel of the RFQ would provide 25 mA of Xe+1 for funneling into a
system of eiectrostatically and magnetically focused linear accelerators.

The RFQ has two advantages that greatly ease the injector design. It
requires a relatively low injection energy (approximately 250 keV for Xe+1)
and has a 97% capture efficiency, ** so that the injector need provide only
25 mA of Xe+1. The four beams must be in a 10-cm square array to match the
RFQ channel spacing. A source that provides a high (.90%) fraction of Xe+]
would make magnetic separation unnecessary and would permit a close-coupled

design that would greatly ease beam transport. High source-gas efficiency is
required to reduce charge-exchange losses and to reduce the gas load. High
arc efficiency would ease the requirements for cooling and for power delivery
to the high-voltage dome (at 245 kV). A high-current heavy jon duoPIGatron
source, developed at the Chalk River Nuclear Laboratories,*® provides an
ideal ion source for this injector. This source has produced xenon beams of
up to 100 mA, current densities of over 70 mA/cmz, with low power and gas

consumption.

C. Injector Description
The proposed injector uses four plasma sources on a 10-cm square array

because a single source that would provide the desired current density over a

Targe area would require an extremely high arc power. The four sources are
mounted on a common extraction and acceleration column that uses an einzel
lens to provide the required focusing. To provide consistent beam characteris-

tics with different pulse lengths and duty cycles, the plasma sources operate
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continuously and an extraction electrode is pulsed to give the desired pulse
length and duty cycle. The ion sources essentially are a duplicate of the
Chalk River sources, with minor mechanical modification to make them fit into
the available space.

Figure 28 shows one quarter of the extraction and acceleration column and
one plasma-source module. The first-column electrode holds the molybdenum
plasma aperture plate with an 8-mm-diam shaped aperture. For convenience, the
potential of this plate will be defined as zero. The next electrode is the
extraction electrode, which is held at +30 V between pulses to prevent plasma
flow into the column. During a pulse, it is at -45 kV to extract the beam.
The next electrode is part of the einzel lens and is at -10 kV. The following
electrodes are at -45, -145, and -245 kV with respect to the plasma aperture
plate. The bottom electrode incorporates a magnetic electron-suppression
element to prevent damage from backstreaming electrons during the pulse. As
is shown, the vanes of the RFQ penetrate into the bottom of the column. The
ceramics are convoluted to reduce surface tracking and are well shielded to
reduce photoelectron production by bremsstrahlung radiation from backstream-
ing electrons. The active regions of all electrodes are of molybdenum to
reduce beam-induced sparking. The outside of the column is insulated with
low-pressure SF6.

The extraction, focusing, and acceleration optics were designed using
BEAM, an ion-beam-extraction and acceleration-modeling code being developed at
Chalk River. Figure 29 shows the configuration of the central region of the
electrodes and the calculated ion trajectories for a 29-mA beam. At tne
entrance to the RFQ, the beam is 1.3 c¢m in diameter and slightly convergent.
The extraction voltage and the voltage on the lens electrode can be varied to
change the beam size and divergence, as required by the final RFQ design.

At Chalk River, tests of the system components have verified the feasi-
bility of this injector concept."s Results of these tests have shown that the
shimming to operate these ion sources in an array would be straightforward, and
that the extrapolated normalized emittance for this configuration would be less

than the specified 0.07x mmemrad.
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Fig. 28.
One quadrant of the injector showing (1) compressor coil, (2) iron intermediate

electrode, (3) cathode, (4) anode, (5) PIG region, (6) extraction aperture,
(7) extraction electrode, (8) lens electrode, (9) suppression magnet, (10) RFQ

vanes, and (11) magnetic shielding.
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Fig. 29.
Computer simulation of ion beam optics in the injector.
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A HEAVY TON LINAC FOR MEDICAL AND SCIENTIFIC RESEARCH

I. INTRODUCTION

The Electron Beam Ion Source (EBIS), because of its high charge-state
ions and pulsed operation, is ideally suited as an injector for a heavy ion
Tinac based on technology being developed at Los Alamos in the PIGMI
program.®” This combination would produce a small, efficient, heavy ion
linac useful in relativistic heavy ion research or therapy. This section
briefly describes the results of a design study for such a heavy ion facility.

The goal of this study was to present a conceptual design for an accel-
erator that would be an extension of the PIGMI design, for ions with a charge-~
to-mass ratio of 0.5 instead of protons. This accelerator could accelerate
fully stripped ions from deuterons to calcium, but the emphasis would be on
ions up to neon. This study considered only the accelerator system, because
the beam transport and delivery system for medical therapy had been considered
thoroughly in another study. ®® The system proposed here would meet the same
medical requirements for ion-beam therapy and radiography as in the previous
study. Emphasis is placed on using the technologyv currently being developed
to make the accelerator system small and efficient.

The final 550-MeV/nucleon energy was assumed to give a range in tissue of
greater than 30 c¢m for all ions from carbon through neon.®® This energy also
makes comparison with proposals for a synchrotron possible, because this is
approximately the same value as that used in these proposals. The required
beam intensities for obtaining a dose rate of 600 rad-&/min in a 1-£ tissue
volume, with a depth of 2.5 cm, are then from 3.4 x 109 particles for helium
to 3.0 x 108 particles for neon. Because present medical requirements are
for integrated doses, there is no direct requirement for a specific duty
factor; therefore, it can be determined for optimum operation of the facility.

IT. EBIS INJECTOR

The EBIS, shown schematically in Fig. 30, consists of a very dense,
energetic, electron beam, magnetically confined within a series of insulated
cylindrical electrodes along the axis of a solenoid. The space charge of the
dense electron beam creates a radial potential well that traps ions as they
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are created by ionization of atoms

jnjected into the electron beari. A

Electron
Gun

g%ﬁﬁgg, potential distribution, applied to
= tne insulated electrodes, prevents

ComaMmeéfgfi;::::=>“<212::ji2 the axial escape of the ions and they
Tubes Extractor  pecome highly ionized by successive
+ Anode electron impact ionizations. The
v Trapping jons are trapped within the electron
Extraction Potential Pofential . . )
_ Ai; beam until the production of a desired
i it S Elect . .
o T c;?e'c?{,‘, charge state has reached its optimum;
io they then are extracted by lowering
- Ve the axial potential on the output end
L_ of the source. The total positive
Cathode lon charge in the ion source cannot exceed
Extractor the negative charge in the electron

beam, and the ionization rate of the
Fig. 30. . .
Schematic of the EBIS. jons is dependent on the current den-
sity of the electron beam; thus, the
total ion current extracted from the source in each pulse is proportional to
the electron-beam current, whereas the confinement period to achieve a partic-

ular charge state is jnversely proportional to the electron-beam-current

density.

I11. PROPOSED ACCELERATOR

The heavy ion linac proposed by combining the EBIS and PIGMI technologies

js shown in Fig. 31, This system, designed for injection of fully stripped
ions up to calcium (g/m = 0.5), is the optimum design for a Tow duty factor
heavy ion linac. The maximum charge state for the ions {fully stripped) is
attained in the injector by the use of the EBIS; the maximum acceptance pos-
sible into the accelerator (approximately unity) is attained by the use of the
RFQ; and the maximum accelerating gradient and efficiency is attained in the
accelerator (within the limits set by rf sparking) by the use of high fre-
quencies and a low duty factor. In addition, the low duty factor employed in
the accelerator system is a perfect match to the low duty factor required in
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Fig. 31.
Heavy ion linac usirg the EBIS and PIGMI technologies.



the EBIS for production of the fully stripped ions. This low duty facter, com-
bined with the large energy gain attained in the accelerator, minimizes the
accelerator length and power consumption.

The accelerator system described above would use a cryogenic EBIS, such
as CRYEBIS I,*® for the injector. Because of the confinement time of the FBIS
for the fully stripped ions required in this facility, the pulse repetition
rate for the injector cannot exceed 140 Hz. The PIGMI duty factor {0.36%) can
be obtained with twice the ac main cycle (120 Hz with a beam-pulse width of
30 us); therefore, this repetition rate was chosen. Previous experimental data
have shown that the ions can be extracted from an EBIS within the required
beam-pulse duration, so ithe only work required to develop the source is to
raise the pulse rate by a factor of 2 or 3 above that already obtained in
CRYEBIS I, while maintaining the projected jon yield per pulse.

The use of the RFQ as the low-energy section of the accelerator would
enable the ions to be injected with an injector voltage of 20 kV. This is
approximately the extraction voltage used in an EBIS and can be obtained by
elevating the source electrodes and electron gun, without having to use a large
high-voltage dome and accelerating column. The KFQ is capable of accepting
ions at this low energy and accelerating them tc several million electron
volts, with a very high capture efficiency, and without the aid of a separate
bunching system. The RFQ beam dynamics and structure have been previously
described,18 as well as the experimental results from a structure tested on the
PIGMI prototype accelerator.!* The results of a beam-dynamics calculation for
a g/m = 0.5 beam injected into a 440-MHz RFG at 10 keV/nucleon are shown in
Fig. 32. A yield of lO10 particles/pulse was assumed to be extracted from
an EBIS during 30 us. The experimental, measured, CRYEBIS I emittance of
1.2n mmemrad was assumed for this beam, resulting in a greater than 99% cap-
ture efficiency for the structure. The final energy of 1.5 MeV/nucleon is
attained with a structure that is only 3.3 m long, with a total peak rf power
requirement of only 263 kW. The parameters of this RFQ are summarized in
Table V.

This final energy for the RFQ makes the injection into a post-coupied
DTL at the same frequency an easy technical task, because the first few drift
tubes are long enough to easily use permanent-magnet-gquadrupole focusing. The
DTL in this accelerator is a simple extension of the PIGMI DTL to g/m = 0.5
particles, using the same acceleratin_ ,radient and rf source and having a
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TABLE V
HEAVY ION RFQ PARAMETERS

Injection voltage (Vi) 20 kv

Injection energy (wi) 0.01 MeV/nucleon
(Bx = 0.316 cm)

Frequency (f) 440 MHz

Average bore radius (ro) 0.187 cm

Final energy (wf) 1.5 MeV/nucleon
(Bx = 3.84 cm)

Final radius (af) 0.147 cm

Structure length (%) 3.28 cm

Final synchronous phase (¢s) -30°

Peak voltage between electrodes 56 kV

Peak rf power (including manifold) 80 kW/m

length of 38.5 m; however, to make the RFQ and DTL sections both powered by
one 20-MW rf tube, the transition to the high-energy linac is made at 80 MeV/
nucleon instead of at 125 MeV as in PIGMI. This energy is still a reasonable
value for making this transition.

The ¥inal and largest component of the accelerator is the 118-m-long CCL,
used as the high-energy portion. This linac uses the DAW structure developed
in the PIGMI program and can accelerate the ions up to 550 MeV/nucleon. The
only differences ares that this structure would be for g/m = 0.5 ions instead
of protons and would have a proposed accelerating gradient of 12 MV/m. This
gradient is a very conservative extension of accelerating gradients currently
used in operating medical electron -linacs at somewhat higher frequencies.’®
This structure would be powered by 10 klystrons at 1320 MHz, and the peak rf
power requirement would be 180 MW.

Thus, operating at 120 Hz with a 30-us beam pulse, this accelerator
would produce the required currents for medical therapy with an average power
consumption of 720 kW. Assuming rf efficiencies of 35%, the total accelerator
puser requirement would be about 2 MW. A total operations and maintenance
staff of 8 to 10 people would be required for such a system (just above the
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PIGMI figure) because of the more complex injector and slightly longer machine.
In addition, this system would use the same rf power sources and computer con-
trol systems as the PIGMI system. Both the 440-MHz klystron (Varian VA-812E)
and the 1320-MHz klystron (Litton Industries L-5081) are commercially
available tubes designed to operate with the approximate pulse width and duty

factor required in this application.
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TURBINE ENGINE LOADS SIMULATOR

The Turbine Engine Loads Simulator (TELS) is a turbine-engine test facil-
ity proposed for the Air Force by the Headquarters Arnold Engineering Develon-
This test facility would be capable of exposing
An important part of

ment Center in Tennessee.
operating turbine engines to simulated maneuver forces.
the proposed facility is a radiographic system that would provide information
regarding the effects of different loadings on the internal clearances and
distortion of a gas turbine engine.

Turbine-engine radiography has been used successfully on stationary test
stands of engine manufacturers for some years. Radiography has not been
applied, however, to the study of turbine engines operating under simulated
flight-maneuver conditions, where engine components are subjected to inertial
forces. Depending on the location of the various accelerator components, alT
or part of these components must be capable of operating in an acoustical and
mechanical environment generated near an operating turbine engine being sub-
jected to facility-induced inertial loads of up to 21 g's.

The x-ray source requirements are

Bremsstrahlung spectrum x-ray photons with energies to 10 MeV
Bremsstrahiung flux a minimum of 3000 R/min at 1 m

X-ray pulse rate variable from 50 to 350 pps

X-ray source size 1.25-mm diam

The most feasible choice for satisfying these requirements is an electron

Tinear accelerator.
Los Alamos has contracted to perform a study of possible electron linear

accelerators for the proposed application. Viable configurations of existing
and developable S-band and C-band components will be studied and the advan-
tages and disadvantages of each system will be established.
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Systems in which the rf source is on the center of rotation, as well as
those where the rf source is located on the gimbal near the turbine engine,
will be included. The following characteristics are to be considered: radia-
tion; reliability; size; weight; cost; susceptibility to inertial forces and
vibration; support system requirements; and ease of operation, control, and
maintenance. In addition, those critical components of each system that may
need development will be identified and an estimate will be made of the devel-
opmental cost, time, and confidence. Where possible, the results of this study
will be presented in matrix format for concise comparison. Finally, a recom-
mendation for a system will be made with realistic estimates of cost, construc-

tion times, ard performance,
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FUSION MATERIALS IRRADIATION TEST PROJECT (FMIT)*

I. INTRODUCT ION

The accelerator design activities for both the FMIT Facility and the
FMIT prototype accelerator (FPA) continued during this reporting period. The
contract for the FPA Tinac tank was awarded and the tank fabrication is pro-

gressing on schedule. The remainder of the FPA components are in final design.

A preliminary design review of the FMIT accelerator occurred in August 1980
and was followed by additional reviews to address those problems identified at
that time. Final design is well under way for all components of the FMIT
accelerator,

To complete the construction package for the accelerator vault and
support areas, the Los Alamos group worked closely with the architectural
engineering firm responsible for the FMIT facility. This package was released
for bid, the contract was awarded, and construction will begin in March 1981.

Effort for building the FPA was directed to three major areas: accel-
erator cooling system, faciiity control system, and rf-equipment installation.
The contract for installation of the water-cooling system was awarded. The
cooling tower with supply and return lines, was installed and the design of
the water manifold up to connections to the accelerator was completed. The
computer room, with associated utilities, was finished and the computer equip-
ment was installed; this move was accomplished with minimal interruption of
computer activities. The FPA building is being prepared to accept delivery of
the rf equipment in the late spring of 198l. The design of the Phase C

electrical-power distribution system for the rf-power amplifiers was completed.

The bid cycle was started for a platform to support some of the rf equipment,
and specifications were written for a 10-ton bridge crane. Award of the con-

tract for the crane is expected to occur in January 198l.
Title II for the office building was completed. The construction con-
tract was awarded and construction will start early in 1981.

*Work supported by the DOE Office of Fusion Energy in cooperation with the
Hanford Engineering Development Laboratory (HEDL).
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I1. ACCELERATOR

A. Injector
Tests of the ion source and extractor geometries continued during this

reporting period. The test-stand operation was significantly improved by the
installation of the new 125-kV, 250-mA power supply for the FPA injector. This
power supply uses vacuum tubes to achieve a vcltage regulation of +0.01%. Upon
delivery, the power supply performed to specifications into a resistive load;
however, sparking and ground-loop problems imn:diately arose when it was used
on the test stand. These were eliminated by a modest redesign of the control
and grounding circuits.

An attempt was made to increase the total extracted current to greater
than 200 mA by increasing both the current density from the ion source and the
areas of the apertures in the extractor. A1l tests run with the increased-area
apertures (2.5 cmz) yielded beams of substantially poorer quality (increased
divergence, larger aberrations) than earlier 100-mA beams from 1 cm2 aper-
tures. It was assumed that the exit-lens effect at the extractor's ground
electrode was dominating the beam characteristics. Additional problems were
caused by increased beam impingement of the electron trap and by increased
backflow of negative particles. The series of tests, using larger current den-
sities and l—cmz apertures, reguired higher electric field gradients inside
the extractor; this, when coupled with power supply difficulties, led to fre-
guent and unacceptable sparkdowns. Also, the ion source required high arc cur-
rents, which severely limited the filament lifetime and reduced the H; ion
fraction.

As a result of the above tests, the last 4 months of the year were spent
calculating spherically convergent extractor systems that would allow the use
of a large aperture at the ion source (thus reducing the current density) and
a much smaller aperture in the ground electrode (thus minimizing the exit-lens
effect). Several preliminary designs were checked on the injector test stand
before it was shut down in November; the shutdown was in deference to the
installation and start up of the FPA injector. Calculations and experiments
in December indicated a convergent geometry that promised to provide the
desired source-extractor performance. The design was fabricated and will be

tested as soon as the FPA injector is operational.
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It was announced in August that the length of the FMIT RFQ linac could
be reduced by at least 40% if the vane-tip electric fields were increased and
if the injection energy were decreased. This prompted an investigation into
the possiblity of operating the injector at a higher perveance value, that is,
lower injection energy. A gquick series of experiments indicated that there
should be no fundamental problem except that of aberrations caused by the exit-
lens effect at the extractor's ground electrode.

The ion source used throughout this period was the all-copper cusp-
magnetic-field unit built more than 18 months earlier. Modified magnet place-
ments were shown to improve overall source operation, that is, increased H;
ion fraction with somewhat reduced source efficiency. To provide a cleaner
operating ion source and to facilitate construction, an all-stainless-steel
source was designed and fabricated.

Considerable effort was expended in assembling the vacuum system for the
FPA injector, including the incorporation of an industrial programmable con-
troller to provide versatile control and automatic sequencing of all injector
vacuum pumps and valves.

A magnetic-deflection beam pulser was assembled between the extractor and
analyzing magnet. A low-inductance magnet, consisting of a few turns of con-
ductor on a ferrite core, was built. The magnet is powered using a series
ballast resistor between the supply and the magnet and yields magnetic field
rise-and-fall times of 0.25 ms. Pulsing of the beam with this magnet will be

attempted as soon as possible.

B. Radio-Frequency Quadrupole Linac

1. Mechanical and Radio-Frequency Design Considerations. By the end of
1980 the beam-dynamics analysis and the rf design concept were developed to the
point of fully specifying the parameters for the FMIT RFQ. Better understand-
ing of RFQ beam dynamics produced a recommendation to reduce injection energy
to below 100 keV. Another major development was the discovery of arcing damage
in the POP RFQ that led to an important conclusion regarding a Timit for the
electric fields in the FMIT design. Finally, a good-quality beam-transport
match allowed effective transmission of the beam from the RFQ into the DTL.
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A design team consisting of one engineer, one technician, and two
designers was organized to take over the RFQ design and to impliement the
analytical parameters. They attacked the outstanding mechanical problems of
adequate cooling =" of acceptable rf joints.

Subsequent e-timates were made of the effects of vane-tip positioning
errors on the RFQ's performance. It was determined that the beam performance
is far more tole~ant of such errors than the rf tuning; thus, fabrication-
precision and vane-alignment tolerances are dictated more by rf considerations
than by beam transmission. To accommodate the high level of alignment pre-
cision required to control capacitive coupling between the vane tips, the
design appproach was shifted from rigid to flexible vane supports. This shift
was contrary to decisions reached earlier in the year but was due to expanded
analysis and a deeper appreciation of the critical nature of the required vane
alignment.

The entire fabrication problem was greatly simplified by the decision to
operate the RFQ at electric fields considerably above the Kilpatrick level
(10.6 MV/m at 80 MHz). This decision was made after the discovery of arcing
aamage in the POP RFQ; the final field level selected was 1.7 times Kilpatrick
(17.6 MV/m). These relatively high field levels permit the RFQ's length to be
reduced considerably from that anticipated earlier in the year. The fixed
length of the unit is about 4 m, which offers a major simplification to many

fabrication problems.

2. Design Parameters — Beam Dynamics. The analysis of the RFQ's beam
dynamics progressed to the pcint where the design parameters for the FMIT RFQ

linac could be specified.

In the analysis (as has been stated previously) the maximum-surface elec-
tric field was allowed to increase above the nominal 1.5 times the Kilpatrick
value that had been used in previous analyses. The dimensionless focusing
parameter B was decreased linearly in the RFQ accelerator section, from an
initial 6.823 value to a final 5.200 value, to facilitate radial matching into
the DTL. This corresponds to a tapered increase of the average radius within

the accelerator section.
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Table VI lists the RFQ design parameters. The rf power estimate is based

on a formula for the RFQ structure power. The RFQ structure power is multi-
plied by a factor of 1.5 to include actual copper losses and manifold losses.
To this we add a beam power of 193 kW for a 100-mA beam.

491-kW total power.

Table VII lists the input conditions and Table VIII the calculated out-
In these tables, wi and wf denote the beam energy at the input and output
of the RFQ, respectively. The parameters « and g describe the emittance, and

put.

This results in a

I is the beam current. Two computer programs, the T-code and the Z-code, were

used to model the beam dynamics. Although the codes differ in the method of

calculation, the results agree reassuringly.

TABLE VI
RFQ DESIGN PARAMETERS

Frequency

Ion

Number of cells

Length

Vane voltage

Average radius, s

Final radius, a

Final modulation, me

Initial synchronous phase, bi

Final synchronous phase, ﬂf

Estimated ri power (including RFQ,
manifold, and beam)

Nominal current limit

Nominal acceptance at 100 mA

80 MHz
D+

135
388.11 cm
184.5 kV
1.423 cm
0.998 cm
2.129
-90°
-30°

491 kW

205 mA
0.73r cm-mrad
(normalized)
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TABLE VII
INPUT CONDITIONS

wi 0.075 MeV
B 31.7 cmfrad
a 3.66
E, (100%) 0.107 cmemrad (normalized)
En (90%) 0.070% cm-mrad (normalized)
En (rms) 0.0167% cmemrad {normalized)
I (mA) 108.3 (T-code); 106.1 (Z-code)
TABLE VIII
OUTPUT CONDITIONS

T-Code Results Z-Code Results
wf (MeV) 2.00 2.00
En (90%) 0.17 = 0.16 =
En (rms) 0.038 « 0.036 =«
Transmission 92.5% 94.1%
I {(mA) 100 100

C. Beam Diagnostics

The beam-diagnostics activity was a three-pronged effort. First, consid-
erable effort was directed toward understanding the underlying physics of the
noninterceptive beam-diagnostic techniques. Second, computer programs were
generated and recoded to be compatible with the FPA computer system; these com—
puter programs will be used for data reduction, beam-emittance reconstruction,
and optimizing the placement of the diagnostic sensors. Third, electronic
hardware design and implementation were continued using an independent contrac-
tor. The mechanical design of much of the nonelectronic hardware was expedited

by adding a mechanical engineer to the diagnostics group.
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The development program was completed for high-bandwidth, radiation-
hardened cabling and seals for the drift-tube beam-position monitors. The
jnstallation met all requirements, including ease of assembly.

Designs were essentially completed for the four-view-mirror optical sys-
tem and the dc transductor for the low-energy beam-transport system. A design
was completed, and a vendor located, for a fiber-optic imagescope to be used
in those locations where there is insufficient space to install the mirror
system.

A time loop and its associated fast electronics were ordered. These
units are of a special design compatible with the reguirements of the FMIT

facility beam-diagnostics system.

D. The Radio~Frequency System

Work is proceeding in a number of areas on the prototype rf system for
the FMIT project.

A preliminary design review was held at Continental Electronics in
August, and the high-power rf-amplifier design was approved.

Dielectric Communication is supplying the 1l4-in. coaxial line for the
FPA, FMIT, and the high-power test stands at Los Alamos and Continental Elec-

tronics. This contract is also proceeding satisfactorily.

A low-power (100-W maximum output) driver was designed, fabricated,
tested, and shipped from Los Alamos to Continental Electronics in December
1980. This driver will power their high-power amplifier for testing purposes.
The Tow-power driver is capable of fully testing their equipment in accordance
with the specifications.

The FPA low-power rf system, including the feedback control systems, is
in the final design phase.

The frequency control system that searches for, locks onto, and tracks
the tank's resonant frequency as it approaches 80 MHz has been breadboarded
and is presently being checked out. This system also controls the slug tuners,
cnce the tank reaches 80 MHz, to maintain tank frequency.

The phase-and-amplitude feedback controllers were breadboarded and
tested. Printed-circuit boards also were fabricated and tested.

Work is in progress on the linear digital phase detector. We are
addressing some problems that have been encountered that involve resolutioun

and bandwidth.
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A single rf chain, up to the 100-W level (including feedback control
systems), is being breadboarded and will be tested into a resonant load. This
test should reveal any major design deficiencies. Changes then can be incor-
porated into the final FPA low-power rf system design.

A considerable effort has been spent by the Radio-Frequency Section to
investigate experimentally the problem of rf field penetration from the linac
into the vacuum-bellows region of the drift-tube support system. From informa-
tion gained through tests using the quarter-scale model FPA linac, the problem
appears to be quite serious. The rf section worked with the girder-design teom
on developing and testing a suitable rf seal for the drift-tube-stem/spanner-
hatch-cover interface.

An rf window test secticn is being designed and fabricated. This con-
sists of two ceramic rf windows, separated by 2 ft. of 9-in., 35-{, coaxial
line that is evacuated. This window section will be taken to Varian, EIMAC
Division, San Carlos, California, and tested at full power (600 kW) into a
resistive load. This high-power test is designed to point out any deficiencies
in the window design. Any problems can be corrected before window installation
on the FPA tanks. This early testing is essential because of the long lead

times required to obtain ceramic windows.

£. FMIT Facility Control System

1. Summary. The Facility Control System {(FCS)} for both the FMIT proto-
type accelerator and the FMIT facility is being designed and implemented by the
combined Instrumentation and Control (I&C) Section from AT-4 and FMIT-HEDL.
Additionally, the PSR I&C section has adopted much of our preliminary design
and hardware selection to facilitate the design of that control system.

The FMIT FCS design calls for two computer systems: one in the central
control room to drive a control console and one consisting of several remote
data-collection and control stations [Instrumentation Subsystem (ISS)]. The
FPA control room, containing the two main computers, is shown in Fig. 33;

Fig. 34 shows the FPA console; Fig. 35 shows the FPA Injector ISS installation
and Tocal control equipment, with interface equipment and local CRT display
terminal.

The control console contains two raster-scan graphic displiays, two
12- by 40-character plasma panels with incremental shaft-encoding knobs, and
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Fig. 34.
FPA console,
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Fig. 35.
FPA injector ISS jnstailation.



keyboard entry devices. The console also contains facility intercommunica-
tions: telephone, closed-circuit television monitor and analog oscillascope,
with patch connection to the facility proper.

The remote ISS equipment contains microcomputer processing hardware and
interface modules connecting to the various controlled or monitored systems.
A local CRT display will provide a way to communicate directly with the ISS

hardware.

2. System Software. The main computers (DEC PDP-11/60 for the FPA) and
the ISS processors (DEC LSI-11/23 microcomputer) both run under a real-time,
multitasking operating system (called RSX-11M in the case of the main com-
puters, and RSX-11S in the case of the 155 processor}. A major evaluation was
completed during this reporting period on the commercially supplied and sup-
ported data communication software program, proposed for use between our main
computers and the ISS equipment. During the FCS Preliminary Design Review of
December 1979, tne FMIT Steering Committee expressed concern whether the
vendor-supported network comuunications software (DECNET) was fast enough to

support supervisory control requirements for the accelerator subsystems. The
evaluation and demonstration were performed to provide the data for resclving
this design question.

For the accelerator prototype, the evaluation used the computer control
system that consists of two POP 11/60 computers connected with data commu-
nication links to two L5I 11/23 microcomputers placed near the accelerator
hardware.

A supervisory control system is required to give the operator a "real-
time" feel for the system, to monitor the system, and to report any significant
unrequested changes. Thus, the computer system must be able to execute an
operator command over the data communication link and return a response in
“human response time" while both the PDP 11/60 and the LSI 11/23 are executing
other tasks. If a response to the command is updated four times per second,
the human response time requirement is considered to have been met.

A control console was assembled consisting of two VT-52 compatible LCRTs,
a plasma panel, two computer-interfaced incremental shaft-encoded control
knobs, and a Tektronix 4014 graphics scope.
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The most difficult control function, in the sense of operator reponse
time, is the turning of a control knob to vary a control parameter. The knob
is interfaced to the 11/60 by an RS-232 link and is software connected to the
chosen control parameter through the plasma panel. A feedback channel is dis-
played on the plasma panel; if the feedback channel is displayed at least four
times per second, the operator should feel that he is controlling the parameter
in "real time." At the same time this control is being exercised, one or more
displays of data should be updated at one time per second. Another task would
be the request for data at random times, in addition to surveillance.

Several programs were written to demonstrate various control features,
including the periodic logging of a set of data channels; the display of the
channel data base on a CRT; the software connection of control khobs to form
command channels; the display of several channel values on a CRT; and examples
of reading data channels, making a calculation, and plotting the results on
the Tektronix 4014. The results of these tests are subjective at best, but CRT
displays of channels that are responding to command channels can be updated at
least five times per second. Data arrays of 100 points for plotting can be
read, transported over the link, and plotted in 2 to 3 s. These times are
obtained while other tasks are running and requesting data.

The results of the evaluation showed that the DECNET communications soft-
ware program, together with intelligent data 1ink controllers Tocated at each
processor, can satisfy the requirements for control of an accelerator facility

such as FMIT.

3. Application Software and Hardware. The remainder of the reporting
period was spent in creating application software and hardware for the FPA

injector and cooling systems.

The existing programs for the injector system were converted to FORTRAN
code to run on the FMIT standard ISS processor. Work is now under way to con-
vert these codes to the FMIT7 standard software structure, as defined in our
preliminary software design.

Parallél to the software conversion effort, the injector ISS has been
designed and was being installed as this reporting period closed. A program-
mable controller from the Gould Company was purchased for evaluating the
injector vacuum system. This unit controls the logical turn-on and operation
of the vacuum pumps and valves and will interface to the injector ISS soon.
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Design description of the operator's console software and the cooling-
system software was begun. These codes will be implemented during the next
reporting period.

Much of the reguired hardware for the injector and cooling-system ISS,
and tor local interface equipment (racks, instrumentation power supplies,
etc.) has been purchased and received. In addition, following the failure of
one unit during this pericd, an extra 64-K word memory module for our main
computers was purchased, to serve as an on-line spare.

The final implementation of our CATY interactive test software has been
completed. The configuration operates on the FMIT standard ISS processor
with a multicrate CAMAC Serial Highway. Test software need not know that the
CATY system accesses other crates during an operation, and the software can be
operated from the control console or from the local CRT terminal by involving
the DECNET communication software features.

An interim hardware configuration has been created for the beam-
diagnostics equipment because of the lack of software manpower to implement
necessary code in an ISS processor. Until this software can be implemented the

aiagnostics data will enter our control computer by a separate, nonstandard

route.

F. Drift-Tube Linac

1. Summary. A fabricator was chosen, and construction began for the
prototype DTL tank. Only one major design feature remained somewhat uncertain,
pending additional testing on the 363-MHz functional model. That feature was
the positioning of the post-coupler ports. The present design places the
upstream post coupler at the first free-hanging drift tube and advances down
the linac in odd-numbered positions on alternating sides of the tank. Testing
of the model will examine the tuning advantages of starting at the second drift
tube. This apparently minor point may prove to have dramatic consequences in
the effectiveness with which the prototype tank can be tuned.

Designs also were completed on the downstream end-ciosure bulkhead for
the prototype tank; effective mechanisms were designed for both adjustment of
the quadrupole magnet and strain adjustment of the tank's flexible end wall.
Preliminary designs also were done on the ball housing that interfaces the RFQ
to the tank; where possible, the bell-housing design will be FMIT compatible.
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Design also was begun on the FMIT linac tanks and the intertank spacer.
The same basic criteria apply to both the prototype and FMIT tank designs (that
is, copper—clad steel, channelized single-pass counterflow cooling, rf periph-
erals, etc.), although differences in structural support, porthole design, and
other features are present because of the more demanding requirements for FMIT.

A major accomplishment in the last half of 1980 was the completion of an
operational post coupler. This unit allowed certain cost-saving decisions to
be made regarding the method for vacuum sealing, as well as eliminating an
expensive bellows. Concurrently, low-power testing of the 368-MHz moael
provided an accurate assessment of the gap-adjustment range for the prototype
linac and will allow procurement of the FMIT post couplers to preceed on
schedule. Another rf peripheral that progressed into the hardware phase was
the slug tuner. Designs and reviews were completed, and construction of an
operational model began. There were delays in fabricating the rf drive loops,
because of important interface problems that had to be solved with the supplier
of the coaxial drive lines. These problems (which centered around a semi-
automated way of changing the rf windows) were solved, and final designs, plus
material procurement for the prototype drive loop, went forward. The rf mon-
itor loop was fabricated and approved. A1l of the above peripherals are
required for both the prototype and FMIT. A nonprototypical peripheral, the
intertank spacer, also moved into the mechanical design stage; the first
problems solved were those involving interfaces with the two linac tanks, as
well as problems with diagnostics.

2. Drift-Tube Girder Assemblies. Design of the structural support for
the prototype drift tubes progressed in the latter part of 198C, with a strong
design effort being applied to both the adjustable clamp for the drift-tube
stems and the girder itself. A major technical difficulty continued to be the
rf joint between the drift-tube stems and the spanner-hatch cover. All tests
performed with high-power coaxial test cavities have been negative because of
the presence of excessively high levels of TEM mode power in the region of the
bellows. Thus, design has been directed toward a flexible-support, rf short-
ing collar as a backup, if the free-aperture ctoke joint does not work under

realistic FMIT testing.
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3. Drift Tubes and Quadrupoles. The drift-tube quadrupoles for the

prototype were fabricated and given preliminary tests. Both Type A-2 (HiV
Permendur pole tips) and Type A-1 will meet the field-intensity design goals
predicted by beam-transport studies through the prototype linac. An important
consideration addressed in late 1980 was that of developing radiation-hardened
pottings for the FMIT quadrupoles. The quadrupole field coils for the proto-
type will be epoxy potted, but a more radiation-resistant method is required
for FMIT; consultation with Los Alamos experts, as well as a developmental
program to meet programmatic needs, was initiated.

Designs were completed for the drift-tube shells, and discussions were
completed with HEDL concerning fabrication of the drift tubes for both the
prototype and FMIT. A fabrication/assembly plan was developed that will be
implemented for the prototype in 198i. A1l prototype drift tubes will be fab-
ricated at HEDL, with the exception of the experimental drift tube, which is
heavily instrumented and is being huilt at Los Alamos.

Alignment of the drift tubes in the girder assemblies is to be actively
integrated with the alignment cart as soon as the girder design nears comple-

tion.

4. Beamstops. Good progress was made on design of the prototype and
FMIT beamstop in late 1980. The design effort followed three parallel leads:
activation analysis, investigation of brazing techniques, ard testing. The
graphite-clad copper, calorimetric design is being pursued. Activation studies
by HEDL, based on the expected beam test profiles supplied by Los Alamos, have
shown that a graphite sheath of sufficient thickness to exceed the range of
17.5-MeV protons is required to avoid extremely high activation of the copper
calorimeter during the year of testing with H; envisioned at HEDL. A consult-
ant from Aerojet General was invited to Los Alamos to discuss brazing tech-
nigues that will result in a good mechanical and thermal bond of the graphite
to the copper over large areas. As a result of these discussions, it was
decided to experiment with plates of at least 20 by 20 cm; this size represents
a major increase over previous estimates of maximum feasible plate size.
Finally, a test program was initiated to test the beamstop cooling system at
power densities approaching those expected in the prototype beamstop (about
300 W/cmz). Initial results of these tests, using radiant heating technigues
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at about 80 N/cm2, were very encouraging and tests are continuing in an

effort to generate higher power densities.

5. High-Energy Beam Transport (HEBT) Mechanical Design. A large amount
of conceptual development was completed in the HEBT mechanical design during
Jate 1980. Most of this work involved a strong ccordinating effort with
R. M, Parsons Co., Pasadena, California. The primary thrust of this design
was to develop a structural support for the HEBT that would be floor mounted,
rather than ceiling mounted. This marked a major deviation from early FMIT
designs and was prompted by concerns over maintenance and operational consid-
erations, in light of HEDL studies of potential beamline activation. These
activation studies revealed the need for elaborate collimating and shielding

schemes that could not be completely assessed in terms of detailed mechanical
design at this time, but that could resuit in considerably different loading
of the HEBT moduies than originally assumed. This uncertain loading potential
could affect alignment in a detrimental way if the structural support were not
extremely rigid. Furthermore, handling of highly activated HEBT modules is
much facilitated by provision of a bridge crane. Thus, the concept of including
both floor support and a bridge crane in the HEBT vault was developed. Ulti-
mately, the floor-support design was further developed into a twin-floor con-
cept to accommodate utility requirements in a shielded environment., The final
design now includes a reasonably complete concept for purposes of maintenance
and shielding.

Parallel to this effort, detailed optical design of the beamline was
developed within the building constraints to provide optimum beam transport.
Requirements for the quadrupcles and bending magnets were further developed,
and mechanical designs for both 25- and 30-cm effective field-length designs
were completed.

The magnet elements, as well as diagnostic and vacuum components, have
been incorporated into a continuing series of HEBT beamline layouts, as the
optics design continues to undergo changes.

In addition to the FMIT work, layouts of the prototype HEBT were com-
pleted. The prototype HEBT requires two quadrupoles, and it is intended to use
FMIT quads for this purpose to fully qualify the FMIT designs in the prototype.
No bending magnets are required. The supporting structure for the prototype
HEBT will use steel pedestals; a preliminary design for this is complete.
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6. Cooling System. Work on FMIT cooling systems during this period con-
sisted of reviews of construction drawings to insure compatibility with the
accelerator design, but most of the effort was concentrated on the FPA cooling
system. A contract was let and construction was started on an FPA facility

cooling system. Although this system is not identical to that of FMIT, it is
sufficiently prototypic to verify the cooling and control concepts. It is to
be available in the spring of 1981 for use in rf amplifier testing. The
cooling-system instrumentation and its interfaces with the FCS were identified
on Piping and Instrumentation Diagrams (P&ID).

Work was started on the definition of cooling-control algorithms through
simulation of cooling-system dynamics on an analog computer. A local control
box was designed to provide the electronics that interface between the control
computer ar” the ac motors of control valves. The low-power, "logic-level"
signals from the computer are converted to high-power ac signals by solid-
state relays in the local control box. Variable-speed operation of the valves
is achieved by a pulse train from the computer of variable duty cycle. This
concept was breadboarded and tested on all control-valve types to be used in

the FPA cooling facility.

7. The dc Power Systems. As the design of beam transport and matching
has matured, requirements for magnet power supplies have changed, as has the
configuration of the dc power system. In particular, the required gradients
of adjacent quadrupoles have, in some cases, differed sufficiently to make it
impractical to supply the current from a common power supply without shunting
hundreds of amperes. These changes have resulted in the addition of six new

power supplies.
Wiring connections to each quadrupole were extended to junction boxes

outside the Tlinac vault, facilitating connection of shunts and horizontal
steering to any point in the beamline where start-up testing indicates the
need for adjustment. Detailed schematic drawings of all dc power, steering,
and shunt connections to the linac were completed and sent to Parsons and were
coordinated as the basis for conduit design in Work Package No. 4.

The power-distribution and installation drawings were completed for the
Phase C installation of rf power rectifiers and switchgear for the FPA

building.
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A magnet test stand was completed; this included a dc power supply,
water-cooling source, water and temperature interlock, and a quadrupole. The
quadrupole was powered during a Bitter-figure alignment test.

8. Vacuum System. An accelerator vacuum system modeled after LAMPF had
been proposed for FMIT. LAMPF uses ion pumps exclusively for beam-on condi-
tions. At the design review in August, reviewers felt that more detailed con-
sideration should be given to alternative pump types before a final decision
is made. A study was therefore performed that compared the merits of ion
pumps, cryopumps, diffusion pumps, and turbopumps for use on the accelerator
and HEBT high-vacuum systems. That study confirmed the original decision to
use ion pumps on the accelerator tanks, provided the pump isolation valves

were deleted to reduce costs.
While the study was under way, a decision was made to provide radiation

shields in the HEBT, increasing the isolation between vacuum pumps and the
beamline. The required pumping speed was greatly increased to overcome the
increased impedence of connecting piping. The study pointed out that the most
economical way to realize the high pumping speed, while meeting the other per-
formance requirements, was with cryogenic vacuum pumps. Figure 36 shows the
proposed FMIT vacuum system with both high-vacuum and roughing pumps for the
accelerator and HEBT.

Vacuum pumps for the FPA have been received. These include the 1342-cfm
Roots Blower with mechanical backing pumps, the 150-cfm Roots Blower with back-
ing pump, two 26.8-cfm mechanical pumps, two 1500-%/s turbomolecular pumps,
one 500-%/s ion pump, and one 2000-%/s ion pump. Three 2000-L/s ion pumps are
on order. Valves ana instrumentation have been identified and are to be
ordered as funding is made available.

9. HEBT Design - Beam Dynamics.
a. FMIT, 1Ia July, the FMIT HEBT consisted of a periodic front leg,

periodic bend system (BM = 17.3 kG), and a transport to the target with four
quads focusing the beam to a 1- by 3-cm spot on the target. MWorking with

E. Colton of Argonne National Laboratory (ANL), computer codes were rewritten
to provide the proper input Gaussian beam to the third-order code RAYTRACE.
New RAYTRACE runs were done that showed no significant aberrations in the
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target spot for a distance of 1.0 m. Error studies were performed for 20- and
35-MeV beamlines to specify location accuracy of quads and bending magnets,
design parameters, tolerances, and power-supply stability. Studies were per-
formed with TURTLE to investigate the potential usefulness of scrapers, and
discussions were held between Los Alamos and HEDL. An agreement was reached
to include scrapers in the front leg (to pick up low-energy particles) and at
the target (to protect the target structure). Further studies to precisely
position these scrapers have been postponed until a decision on the HEBT
configuration is made.

The HEBT optics design was presented at the FMIT preliminary design
review. After that review, the periodic bend system was redesigned with 16-kG
(at 35-MeV) bending-magnet fields. This redesign increased the test-cell sep-
aration 0.76 m, the overall HEBT length 0.76 m, and decreased the re&yired ‘
bending-magnet fields. The reduction in magnetic field eliminated the satura-
tion effects in the bending-magnet steel. To provide quad gradients that‘wouiﬁﬁh
properly focus the 1- by 3-cm FWHM spot on target, computer runs were done at
target distances of 1.00, 1.25, and 1.50 m from the last quad. Because of a
request for the target distance to be increased to 1.5 m, TRANSPORT, TURTLE,
and PARMILA runs were evaluated by Los Alamos and E. Colton of ANL. They
found the aberrations were small enough so that the distance from the last
quad to the target could be increased from 1.0 to 1.5 m. Error studies were
performed on the new system.

The evaluation of these error studies showed the nonbend plane focusing
to be undesirable. To correct this problem, the bend system was redesigned,
using a quadrupole instead of the bending-magnet exit-edge angle. This also
reduced the bending-magnet field to 14.8 kG at 35 MeV for the same building
size. This system was studied for both 35- and 20.395-MeV beams; at the end
of 1980, both error studies and a study of space-charge effects were under way.

b. Prototype. The prototype beamline was reinvestigated as new RFQ
information became available. A range of possible beamstop spot sizes was
investigated, and provided, to aid the beamstop design.
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c. Geperal. The program TRACE was modified to calculate the betatron

phase-shift angle u;

W= J
‘1
where g is the Courant-Snyder beta related to beam size. The phase shift can
be calculated between any two beamline elements and displayed by a simple
command. This calculation is expected to be useful in determining the position

of diagnostic elements.

10. Beam Dynamics. Several new codes were written during this period.
They include codes to analyze the output beams from the RFQ, the DTL, and the
HEBT. These codes allow us to understand the beams we are working with and to

improve system performance.

Several codes were put on, or optimized for, the CRAY-1. These included
both versions of the RFQ PARMILA (T-Code and Z-Code), the standard drift-tube
PARMILA, and the matching codes. The speed of execution is now four to six
times faster in the CRAY than the 7600 for comparable numbers of particles.
When larger numbers of particles are used, the time per particle improves in
most cases. The shift to the CRAY has allowed the use of either more particles
for the same cost, and with better results, or the running of the same number
of particles at less cost. Furthermore, the use of the CRAY enables more par-
ticles to be used per run than is possibie on the 7600, thus yielding a better
assessment of the beam 1loss.

a. RFQ, DTL, Prototype, and HEBT. Matching studies were made for two
RFQ/DTL combinations. It is necessary to match the RFQ to the DTL so that

excessive quad gradients are not required, the beam size in the DTL is min-
imized, and the beam size and matching gradients are insensitive to small
variations in the input parameters. This matching is accomplished by varying
the output flare in the accelerating section of the RFQ and by adjusting the
first four DTL quads, until acceptable properties are found.

Following the selection of the flare, particle runs were made with groups
numbering more than 40 000 particles to estimate the power deposited in the
first sections of the DTL by out-of-bucket particles emerging from the RFQ.
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The particles do not represent a serious radiatior problem, because they are
not accelerated. No lost particle has been seen with an energy as high as
4 MeV.

RFQ-generated beams were passed through the DTL and used for brief eval-
uations of the HEBT design. They also were used to study the DTL's performance
when it was operated with the rf turned off in the second tank and to study

prototype operation with, and without, the rf,
b. Quadrupole Design. Results from the measurements of the Type A quad

prototype were used to develop a computer code to estimate quad-end leakage.
Preliminary designs were made for the B and C quads. Predicted performance

graphs were made for these designs, using the leakage code.
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FREE-ELECTRON LASER (FEL) PROGRAM

I. WIGGLER DESIGN AND CONSTRUCTION FOR THE FEL AMPLIFIER EXPERIMENT*

A, Introduction

The Los Alamos National Laboratory has proposed a three-phase program®!
to build an efficient high-power FEL laser operating at 10.6 um. In the first
phase, now in progress, we will ¢ onstrate light amplificaticn at moderate
efficiency and high power levels. The major goal of this phase is to demon-
strate the special advantage of a tapered wiggler®? over a uniform one, that
is, its good energy-extraction efficiency. An important second goal is to
provide diagnostic facilities, for both electron and light beams, extensive
enough to allow detailed confirmation of the effect of optical gain on both
beams and to help unravel unexpected problems. We are not aiming for the high-
est possible efficiency. Therefore we have attempted to develop a design that
(1) simultaneously satisfies our two major goals listed above; (2) allows for
anticipated modifications in the wiggler's key parameters; and (3) is basi-
cally simple, conservative, and reliable. Below we will describe the wiggler
designed to meet these regquirements. This section is divided into five parts:
choice of th- key parameters of the wiggler, its perfarmance, anticipated
problem areas, construction details, and its present status.

B. ney Parameters
The starting point for our design is the characteristics of the electron

and laser beams we will use. The laser beam must be powerful enough to cause
a significant (>1%) transfer of energy from the electron to light beams. Our
laser has a peak power of 109 W at 10.6 wum and is assumed to be ideal, except
that (because of aberrations in the optics) its ¢rea at the focus is twice as
large as the ideal value. We chose an electron beam with a 20-MeV energy and
other properties that do not significantly degrade its ability to interact

ideally with the laser peam in the wiggler. In particular, the energy spread

*Work performed under the auspices of the US Department of Energy with the
support of the Air Force Office of Scientific Research, the Defense Advanced

Research Projects Agency, and the Naval Air Systems Command.
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of the beam is about 1% and its emittance about 2» mm.-mrad; these values are
low enough to allow the electrons readily to be trapped, held by buckets, and
contained everywhere within the envelope of the laser beam. The electron beam
current is 20 A. This choice does not directly affect the energy-extraction
efficiency of the wiggler but does provide an cptical gain large enough to
allow the wiggler to be operated in an oscillator configuration later on.

Five important decisions were made about the wiggler before its design
began: to use SmCo5 permanent magnets to provide the wiggler field; to use
the arrangement of magnets shown in Fig. 37; to taper the wavelength of the
wiggler's field, rather than its amplitude; to arrange the magnets with a uni-
form gap, rather than tailoring the gap to follow the diameter of the laser
beam; and to mount the magnets inside the vacuum envelope. These decisions
were hased on the need to achieve high magnetic fields, to simplify the design,
and to make better provisions for diagnostics.

The major design goal was to provide both a large laser field and a large
wiggler field over a long length of the electron beam. This could not be
accomplished merely by designing a long wiggler, because the laser beam cannot
be sharply focused over a long path. Instead, there must be careful optimiza-
tion of three strongly interacting parameters: the magnet gap, the wiggler
length, and the characteristic Rayleigh length z, that describes the laser
beam. After testing many different combinations of these parameters, the val-

ues listed in Table IX were chosen.

Electron
—
beam

U L D R

Fig. 37.
Magnets used to generate one wavelength of wiggler field.
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TABLE IX

CHARACTERISTICS OF WIGGLER

Optical
Wavelength 10.6 um
Design optical power 1000 MW
Strehl ratio 0.5
Rayleigh length 400 cm
Radius of focus 0.16 cm
Electron Beam
Design electron current 20 A
Electron energy 20 MeV
Energy spread £19
Emittance 2n mm-mrad
Wiggler
Wiggler length 100 cm
Length of exit/entrance regions 5.0 cm
Taper in wavelength 129
Max/min wavelength 2.7/2.4 cm
Number of wiggler cycles 40
Total number of magnets 314
Magnet size 0.5 by 0.5 by 3.5 cm3
Gap between magnets 0.88 cm
Peak magnetic field 0.3T
Performance
Design energy-extraction effiiency 2.8%
Design optical gain 1.1%
Small signal gain 1.4 %

The taper of the wiggler was determined by a computer program.53 This
program solves the usual wiggler equations for a group of several-hundred
electrons and evaluates {among Lther things) the wiggler's wavelength as a
function of position, the size and locations of the magnets, the efficiency of

the resulting wiggler in converting electron energy to light, and the energy
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distribution of the electrons leaving the wiggier. The program takes into
account the initial energy spread of the electron beam and the aberrations of
the laser beam, calculates the local fields of the magnets, and increases the
laser field (down the wiggler) to reflect tha optical gain. The program varies
the local wiggler wavelength to achieve a constant resonant -phase angie of 40°,
under the design conditions. The resulting taper in wavelength is not strictly
uniform but varies from 9% near the entrance to 12% near the exit. This taper
gives a somewhat higher efficiency than does a constant one.

C. Wiggler Performance

The characteristics of our prototype wiggler are given in Table IX, and
typical performances are shown in Figs. 38 through 41. Fiqure 38 shows the
optical gain and energy-extraction efficiency as a function of optical power.

These parameters have been calculated for various values of wavelength around
10.6 pm, the design value. Figure 38 shows the maximum values found; these

occur at wavelengths that are usually slightly shifted from 10.6 ym. Figure 39
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Optical gain and electron energy-extraction efficiency as a function of optical
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shows the shift in the optical

frequency for which the gain is a
maximum, as a function of optical
power. The shift from 10.6 um is
important; it may have a signifi-

80

cant effect upon the wiggler's
operation in an oscillator config-
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uration. In such an arrangement,
the wiggler must operate over a
wide range of optical powers, and

the shift discussed above may
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reduce the rate at which the opti-
cal power builds up from noise.
Figures 40 and 41 show two other
important characteristics of the
20r prototype wiggler: the shape of
its gain curve, ard a curve of the

STRENGTH

typical energy-distribution func-
} tion of the electrons leaving the
wiggler. The latter curve clearly
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ELECTRON EMERGY (MeV) demonstrates a distribution split
into one part that was captured by
Fig. 41. the wiggler's buckets and deceler-
Electron energy-distribution function at ated and another part that was

the wiggler's exit. ]
neither captured nor decelerated.

D. Problem Areas

The wiggler's performance, presented above, should be obtained under
ideal circumstances, but there are several particularly important design prob-
lems that could make circumstances less than ideal. These problems are related
to the electron beam and its reaction to the wiggler fields. In order of im-

portance, they concern designing the wiggler so that
(1) the electron beam passes through the wiggler without striking its

walls,
(2) the electron beam overlaps the light beam and the wiggler's axis

well enough to assure a strong interaction, and
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(3) the buckets move smoothly through the wiggler without shaking free
any of the captured electrons.

To handle these problems, we have devoted major attention to three areas:

(1) devising workable ways to generate a wiggler field that deflects the
electron beam in the desired way,

(2) devising accurate and convenient ways to align the two beams with
the wiggler's axis, and

(3) providing adequate diagnostics to show the positions of the two
beams at several points down the wiggler.

We will discuss briefly these three subjects.

In the wiggler, 157 magnets lie on each side of the electron beam. A
single magnet creates a bend in an electron's path of about 4 mrad. If uncom-
pensated, such a bend generates an electron displacement of 4 mm over 1 m of
path. Ideally, the displacements caused by all the magnets should cancel
exactly at the exit to the wiggler. We have performed random-walk-type calcu-
lations to estimate the magnitude of the deviations from this ideal, caused by
small random variations in the fields of all 314 magnets. These calculations
show that random variations in strength must be held well below 1%; however,
our magnets* vary more than this amount.

We considered two techniques to reduce the effect of such large varia-
tions: first, carefully measure each magnet's field and then select and group
several magnets togetiner, so that each one compensates for the errors of its
neighbors; and second, provide an adjustable mount for each magnet, so that
each one could be moved closer to or farther from the axis of the wiggler,
thus compensating for its weaker or stronger fields. We have chosen the first
of these alternatives.

Convenient, sure alignment of the laser and electron beams, with each
other and with the axis of the wiggler, is an essential part of the experiment.
Although final peaking will undoubtedly be done by maximizing some output sig-
nal, preliminary alignment must be provided to bring the beams very close to
their preferred positions. The technique we employ avoids many problems com-
mon to alignment systems by introducing a third reference beam, a low-power
heiium-neon laser. The three critical systems (the wiggler, the CO2 laser,

*Hicorex 90B, available from Hitachi Magnetics Corp., Edmore, MI 48829.
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and the electron beam) are then aligned to each other in an indirect manner by
being separately aligned to the reference beam.

The wiggler is aligned by maximizing the transmission of the reference
beam through apertures placed on the wiggler's axis at its entrance ard exit.
The C02 lascr 1s aligned by superimposing it with the reference beam before
the two beams enter the wiggler. The C02 beam's position can be monitored
thereafter by observing the reference beam. The electron beam is aligned by
observing the fluorescence it causes on the three screens that can be inserted
into the wiggler. The spot generated by light scattered from the reference
beam also can be seen on the same screens. Alignment occurs when the two spots

are superimposed on all three screens.

E. Wiggler Construction
The wiggler system includes four major parts: the magnet support struc-

ture, the vacuum envelope, the trim coils, and the shield. The trim coils and
shield are supported on the outside of the vacuum envelope; the support struc-
ture is suspended on the inside of the vacuum envelope.

1. Magnet Support Structure. Figure 42 shows the central part of the
magnet support structure; note that some of the magnets are not yet assembled.

The rectangular port on the near side will be used when inserting a fluorescent
screen into the center of the wiggler. The structure is built of 606l-aluminum
members held together by nonmagnetic stainiess-steel pins and bolts. The mem-
bers are dimensioned to resist sagging from their own and the magnets' weight.
The structure is supported within the vacuum envelope solely by spring-loaded
pins that do not transfer bending or twisting movements to the structure.

The magnets are located by toothed bars running the length of the wiggler.
The teeth engage slots that are cut into the ends of each magnet. A second
slot cut into each magnet's ends, perpendicular to the first slot, allows short
splines to be inserted into each magnet and (simultaneously) into a longitudi-
nal slot in the toothed bar. The splines fix the magnets in place and resist
forces of several pounds, either toward the center of the wiggler or away from
it.

The entrance and exit sections of the wiggler each are composed of a
single pair of normal magnets, spaced from each other and the wiggler proper
by distances calculated to ensure almost zero deflection of the electron beam.
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Fig. 42.
Central part of the wiggler, showing the magnets, the toothed location bar,
spacer plates separating the top and bottom halves, and the fluorescent-screen

insertion and viewing ports.

The magnet strengths are actually about 10% too high. Final trimming of their
effects is accomplished by rotating each pair by a small angle from the upright
setting. Figure 43 shows a view of one of these magnets in its holder.

An important feature of the support structure is its adaptability to
changes. Anticipated changes are of three kinds: the use of new, higher
strength magnet material, a change in the taper, and a change in the magnet
gap. If reguired, these changes would be accomplished by the following means:
(1) if a new set of magnets were to be inserted, each new magnet would first
be measured and characterized and (2) compensated groups then would be chosen
and loaded into the wiggler. This whole process would take about a week. If
a new taper were desired, a new set of toothed locating bars would be machined
and the magnets reloaded on them. If a new gap were to be used, the spacer
plate separating the upper and lower halves of the wiggler (visible in Fig. 43)
would be removed or replaced. Provisions have been made for jacking the upper
and lower halves apart, to permit this replacement without removing the magnets.
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Fig. 43.
The entrance of the wiggler, showing a rotating holder for one of the entrance
magnets, and one of the end pins that support the wiggler within its vacuum
enclosure.

2. ‘acuum Envelope. The vacuum envelope is built of nonmagnetic stain-
less steel and is characterized by 10 diagnostic penetrations, some of which
are shown in Fig. 44. Four of these penetrations allow alignment apertures of
two different sizes to be inserted near the ends of the wiggler. Three allow

fluorescent screens to be inserted at either end or at the center. The remain-
ing three penetrations serve two purposes: they contain windows to allow vidi-
con cameras to view the fluorescent screens, and they serve as pump-out ports
for the vacuum system. A1l of the motion required to move the screens and
apertures is provided by pneumatic cylinders that operate through metallic bel-
lows. None of the devices penetrating the vacuum envelope actually touch the
support structure, thus avoiding the possibility of deflection of the support
structure itself.

An interesting feature of our design is the use of sintered SmCO5 mag-
nets inside the vacuum system. This approach was chosen because of the rugged-
ness it gives to the vacuum enclosure and the ease of inserting diagnostics
at the center of the wiggler. A serious question has been raised about the
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Fig. 44.
Vacuum enclosure being evacuated, showing some of its diagnostic sidearms.

suitability of this porous material in
a high-vacuum system, but recent tests
show that the vacuum properties of both
the complex support structure and the
magnets are good enough to eliminate

concern.

3. Trim Coils. The trim coils

are mounted on a split aluminum tube,
fastened directly to the vacuum enve-
lope. There are 20 coils, consisting
of 5 pairs that develop a horizontal
deflection of the electron beam and 5
that develop a vertical deflection.
One segment containing 10 coils is
shown in Fig. 45. Without overheating,
each pair of coils can produce a field
of about 3 mT and can develop an angu-
lar deflection to the beam of about

Trim coils on supporting segment.
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8 mrad, more than enough to compensate for the anticipated residual field
errors. These coils will be used in two ways: first, a preliminary adjustment
of their fields will be chosen to compensate for residual field errors; and
second, a final peaking will be realized in the presence of the electron beam,
to maximize the performance of the wiggler.

The preliminary adjustment now has been performed. A fine current-
carrying copper wire was used to simulate the electron beam. When the tension
and current in the wire are correctly chosen,®* the deflections of the wire
exactly match those of the electron beam. The deflections of the wire were
first monitored without current in the trim coils, to assess the field errors
of the wiggler magnets alone and also to assist in the adjustment of the
entrance and exit magnets. The coil currents then were adjusted until the net
deflections of the wire were acceptably small., An attractive feature of this
technique is that it can be used with all the components (vacuum envelope, trim
coils, and shield) in place. Any unexpected contributions to the net field
(caused, for example, by remnant magnetism in the shield) can be detected and

corrected.

4, Shield. The shield is composed of a 1/4-in.-thick tube of soft iron,
completely surrounding the trim-coil system. Thic acts as a cradle to hold all
of the parts, shields the wiggler from external f.:lds, acts as a low-reluctance
return path for the field of the trim coils, and reduces fringing fields gener-
ated by them. If necessary, its shielding function will be sunplemented by
thin layers of a low-reluctance material placed on its outer surface.

F. Status
This section is an accounting of work in progress. All wiggler-system

components, discussed above, have been built and now are being tested. In par-
ticular, the wiggler has been completely loaded with magnets and has passed
our vacuum tests. Measurements of its field, using both a Hall probe and a
wire to simulate the electron beam, have been compieted. The compensation
techniques employed are good encugh so that no current is needed in the trim
coils to achieve a satisfactory field distribution. Tests are now bei-g con-

ducted on the alignment and diagnostic systems.
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[7. PROGRESS ON THE FEL RADIO-FREQUENCY SYSTEM

A block diagram ot an rf system to deliver =6 MW of peak rf power at
1300 MHz for 100-us pulses was designed. The rf system will use an L-3707
klystron and a LAMPF floating-deck modulator. The modulater was built and
operated with an L-3707 at 86 kV in an existing test stand. An overall view
of the klystron and modulator is shown in Fig. 46. The klystron was operated
at 86 kV and =~40-A Peam current for 100-us pulses at 120-Hz repetition rate.
Because of the lack of a 1300-MHz driver, only a few watts of 1300-MHz output
power were produced. The gain of the tube was 30 dB, and the klystron is
excellent electrically.

Los Alamos has a total of six L-3707 klystrons, but only one is operable.
Two others are physically undamaged but have small leaks that have destroyed
the vacuum. These two klystrons were shipped to the original manufacturer, and
only one is in good enough condition to be rebuilt economically. One klystron
is being rebuilt as a spare for the project.

Several components of the rf system have been fabricated, including four
of the klystron-magnet power supplies, the ion-pump power supply, and kiystron
running-time meters. Essentially all of the major procurement for the rf sys-
tem has been completed, and the klystron power supply and high-power phase
shifters have been delivered. Very little engineering design remains to be

done, but substantial system integration and documentation remain for the

current year.
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Fig. 46.
L-3707 klystron, solenoid, and modulator before 86-kV tests.




THE LOS ALAMOS-NBS cw MICROTRON

I. INTRODUCTION

The Los Alamos-NBS racetrack microtron (RTM) is a joint research project
of the National Bureau of Standards (NBS) and the Los Alamos National Labora-
tory. The project nas two goals: first to determine the feasibility of build-
ing a 1- to 2-GeV, high-current, continuous-beam electron accelerator;°57%7 and
second, to develop the necessary technology for building it. To achieve these
goals, a demonstration accelerator will be designed, constructed, and tested.
Some of the parameters of the demonstration RTM®® are 5-MeV injection energy,
12-MeV energy gain per pass, 15 passes, 185-MeV final beam energy, and 550-uA
maximum current.

The RTM offers a number of unigue advantages as an electron accelerator
for energies above 50 MeV. It should be cheaper to build and operate than a
conventional pulsed rf Tinac of the Same maximum energy and average beam power.
It is possible to build a continuous wave {cw) microtron with available high-
power rf techniques. The RTM will have better beam quality and a continuous
beam--qualities that are essential for nuclear physics experiments requiring
coincidence measurements between emitted particles.

Three recirculating cw electron accelerators are now in operation:
MUSL-2,°° a 66-MeV, 6-pass RTM (at the University of I11inois) that uses a
superconducting accelerating section; MAMI-1,8° a 14-MeV, 20-pass RTM (at
Mainz, West Germany) that uses a room-temperature rf accelerating structure;
and a 155-MeV, 4-pass recyclotron®! {at Stanford University) that uses sev-
eral superconducting accelerating sections operating with a duty factor of
about 75%. OQOur project is using a room-temperature DAW rf accelerating
structure.®4:%? e expect to achieve beam currents of several hundred micro-
amperes, limited by beam blowup. Another of our project's goals is to deter-
mine the beam-blowup-~imposed current 1imit of such a machine by a combinaticr
of measurements and calculations.

Initial funding for the Los Alamos-NBS microtron was received in Septem-
ber 1979, The conceptual design of the RTM was completed in June 1980.* 1In

*S. Penner and L. M. Young, "NBS-LASL Microtron Design,” National! Bureau of
Standards unpublished report.
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addition to development of the injection and control system and end-magnet
design described in this section, our efforts have concentrated on the procure-
ment of Jlong-lead items such as klystrons, power supplies, the control-system
computer, and electron gun. The 1-MW klystron power supply was received in
December 1980. We expect delivery of the first klystron in July 1981 and the
first high-power test of the accelerating structure to take place in August
1981. OQur schedule calls for the first operation of the injector linac in
August 1982, and completion of the entire accelerator by June 1983.

IT. INJECTION SYSTEM

The injection system uses a 100-keV modulating anode-type electron gun
with a 5-mA current capability. A focusing lens system, with two physical
apertures, limits the beam's transverse emittance to € = 4% mmemrad, at
100 keV. The apertures are followed by a two-cavity chopper system that Timits
the longitudinal beam emittance e to less than 3w keVedeg, with little
effect on the transverse phase space. Following the second chopper cavity,
the beam is bunched by a single-cavity klystron buncher before entering the
capture section of the injection linac. The design of the injection Tlinac has
been analyzed with the aid of the computer programs PARMELA and SUPERFISH.

Our original design consisted of a 2-m-long, tapered--p capture section
with an average accelerating gradient of 1.0 MV/m and a 2-m-long preaccelera-
tion section with a 1.5 MV/m gradient. PARMELA showed that this design would
not meet the specifications for the beam from the injection linac. The beam's
design specifications from the injection 1inac at 5 MeV and 550 uA include a
normalized transverse emittance of (en = 51 mmemr) (eT = 0.477 mm-mrad) and a
longitudinal emittance of 20m keV-deg for a 2° phase-bunch length.

The new design for the injection linac meets these specifications. It
corsists of a 1-m-long tapered-g capture section with a uniform accelerating
gradient of 1.5 MV/m and a 2.4-m-long preaccelerating section, also with a
uniform accelerating gradient of 1.5 MV/m. The computer program SUPERFISH
showed it was possible to construct a tapered-g DAW accelerating structure

with a uniform accelerating gradient.
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1IT. END-MAGNET DESIGN

An RTM's beam quality and operating ease are critically dependent on the
properties of the end magnets. Furthermore, the end-magnets' cost will be a
large part of the overali cost of a 1- to 2-GeV microtron. For these reasons
the design of the end magnets for the demonstration RTM must meet the perform-
ance requirements at the least possible cost. A novel and economical magnet
design has been developed at NBSﬁ3 having a calculated field uniformity of
better than two parts in 104. The design incorporates a Purcell filter into
a half-picture-frame magnet and provides a 25% reduction in weight from an
equivalent C-magnet. The design of the RTM end magnets is shown in Fig. 47,
and some pertinent parameters are given in Table X. The gap is large (rela-
tive to the beam size) to allow space for an independent vacuum chamber and
for corrective windings that will reduce the effect of gap variation on field
homogeneity. Spacers are used to maintain the gap in the presence of magnetic
forces. Inaccuracies in fabrication and inhomogeneities in the iron are
expected to cause local field inhomogeneities of about one part in 103. After
field mapping, such inhomogeneities will be reduced by an order of magnitude,

using lTow-power printed-circuit board surface windings.

TABLE X
END MAGNET PARAMETERS AT 1 T

Gap dimensions, c¢m 6 by 71 by 158
Mass of steel, kg 29 000
Mass of copper, kg 420
Main coil
Turns 64
Nickel, A-turns 58 000
Power, kW 42
Current density, A/cm2
Reversing coil
Nickel, A-turns 7 200
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Fig. 47.
Side view/section of end magnet. Parts
are (1) yoke, (2) pole, (3) main coil,

(4) reversing coil, and {5) field clamp.

Dimensions are in centimeters. Width
perpendicular to this view is 158 cm,
resulting in an approximately cubic
magnet.

Iv. CONTROL SYSTEM

A. Architecture

The end-magnet fringe
fields must be treated carefully
because of the unwanted (and
potentially very strong) defocus-
ing perpendicular to the mag-
net's plane. We will use active
field clamps along the entire
entrance edge of the end magnets
and will provide a reverse field
(.30% of the main field) to nul-
1ify the fringe fields' defocusing
effect.f* This method of nullify-
ing the fringe-field defocusing
of the RTM's end magnets has been
used successfully on MUSL-15% and
MUSL-25% (at the University of
I17inois) and MAMI-1 (at Mainz,
West Germany).

The architecture chosen for the control system is based on considerations

of the specific requirements of this project.

First, the number of devices to

be controlled and monitored is large. Second, development of the subsystems

of the accelerator will proceed simultaneously at Los Alamos and NBS, requiring
each subsystem to have an independently operable local control system. Third,

cost and manpower limitations require that we hold hardware costs to a minimum

and reduce our programming and engineering effort by using, to the greatest
possible extent, the best commercially available control technology.

The control system will be based on distributed, intelligent, secondary
stations. The secondary stations will consist of a Mu]tibus* crate with one
or more single-board computers (SBC), analog and digital interface equipment,

*Multibus is a trademark of the Intel Corporation.
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CRT terminal, and several switches and two knobs. A communication link using
RS-232 serial-data link or a l-Mbaud DMA Mega11nk* (a Multibus compatible
interface) will be used to link the Tlocal stations to the primary station. The
primary station will be interfaced also to the main control computer and to
the central control console. Each secondary station will consist of a powered
Multibus crate with several card slots. Each crate will contain a similar
SBC, plus other analog- and digital-interface cards as needed for control and
monitoring. The crate could contain additional SBCs, if the process being con-
trolled requires a dedicated processor.

The software in the SBC will consist of an operating system that handles
the 1ink communications and the local control console, plus the applications
programs. The operating system will be the same in all secondary stations.
The applications programs will be unique to each process being controlled and
monitored. Where there are many similar devices being controlled and mon-
itored, one application program, having a data array containing entries for
each individual device, will be used.

The central control computer wiil be a PDP/11/44, a new medium-sized
minicomputer with a multiuser-disk operating system. This computer will be
used for storage and retrieval of the accelerator data, for generating dis-
plays of this data, for simulating the operation of the accelerator, and for
developing programs for the secondary statjon SBCs. The computer also will be
used for calculating and setting the values in the digital-to-analog converters
{DAC) .

The central control console will have several knobs and a keyboard for
manual control of the DACs or for input to the simulation programs. A high-
resolution graphics terminal and an alphanumeric color display also will be
available. The knobs, keyboard, and alphanumeric color display will be inter-
faced to the primary station, which will have an additional SBC to control
these devices; this will prevent complicating the communication Tink software
in the primary SBC. The primary station will be interfaced to the central
controi computer either through a Computrol Megalink board or a high-speed
RS~232 serial-data link. The interfacing of key elements of the control
console to the primary station will give us the advantage of uninterrupted
control of the accelerator when the central control computer is "down" or

*Megalink is a trademark of the Computrol Corporation.
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otherwise occupied, as during system generation. Another advantage of this
scheme is speed. For example, data from the knobs do not need to be processed
by the central control computer, with its high software overhead inherent in
the multiuser-disk operating system.

A high-re-olution graphics terminal such as the Tektronix 4014 will be
interfaced to the central control computer to take advantage of the computing
power available for generating more complex displays.

The RTM will have hundreds of separate steering coils, quadrupoles, and
bending magnets. Most of these elements will require only small dc power sup-
plies; therefore, a few large dc power supplies will be used to supply current
to many current regulators. Each current will be controlled by a DAC. The
conventional method would use a card plugged into the bus of the Jocal station
and would send the analog voltage to the power supply through cables. Cards
with eight DACs per card are available; however, because hundreds of DACs are
needed, many cards and hundreds of connecting cables also would be required.

A simpler, less expensive method for the low-power devices places the
DAC on the power-suuply card and controls the DAC with an addressable asyn-
chronous receiver/transmitter. This device receives and sends data on a
serial line that can service up to 128 units. The power-supply cards would
plug into a card cage having as many slots as practical. Each card will have
a large air-cooled heat sink on it; therefore, a practical 1imit on the number
of power-supply cards per cage probably will be about eight. ATl connections
to the power-supply card would be made through the card-edge connector; if one
failed, it could be replaced by another card, with no need to disturb the
wiring.

The serial line can be driven directly by the SBC through an asynchro-
nous communications interface adapter (ACIA} or through a communications—
controller card plugged into the local station bus. This card has four ACIAs
on it; therefore, with only one extra card, one secondary station could control
several sets of 128 power supplies.

B. Diagnostics

A large number and variety of analog signals must be monitored by the
control system. These include the currents of all the power supplies con-
trolled by DACs, temperature sensors on the accelerating structures, analog
voltages in the rf control systex, _uvrents in ion-pump power supplies, and
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many others. Commercially available multiplexed analog-to-digital converter
(ADC) cards will be used; these have up to 64 inputs per card (32 differential)
that plug directly into the secondary-contrcl-station bus.

C. Beam Analyzers

Several types of devices will be used for beam analysis. View screens
will be viewed by TV cameras and displayed to the operator on a TV monitor.
This information will not be available to the computer for analysis or control.
Positioning (in/out) of the view screens will be set and monitored through the
control system. The other beam-monitoring devices (the wire scanners and the
rf position, phase, and current monitors) will be analyzed by the computer and
displayed on the high-resolution graphics terminal or on the color display.
The analog data from these devices will be analyzed by high-speed ADCs; the
digitized data wili be preprocessed on the local microprocessor, or by the

~

control console microprocessor, for quick analysis and display on the central

control computer.
The method used to measure the position, phase, and current of the beam

(on each pass through the 1inac in the RTM) is to send a 40-ns beam pulse
through the RTM. This pulse length is less than the recirculation time of the
machine. One set of rf beam-monitor cavities will be placed at each end of
the linac. Four analog signals contain the horizontal and vertical position,
phase, and current information for each set of rf beam-monitcr cavities. Each
analog signal will consist of up to 16 pulses, ~40 ns long, with a period of
~80 ns. The amplitudes of these pulses will be analyzed with an 8-bit, 20-MHz,
video ADC with Sample and Hold. The 8-bit word will be stored in fast 16-word

memory for latcr access and analysis by the microprocessor.
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PROTON STORAGE RING (PSR)

I. PROJECT CONCEPT AND SCOPE

The Los Alamos Weapons Neutron Research (WNR) facilityf® operational
since 1977, is a pulsed polyenergetic neutron source driven by bursts of
800-MeV protons generated by the LAMPF iinear accelerator. Each precton pro-
duces 15 neutrons by nuclear fragmentation when it passes through a thick tung-
sten target. The primary spectrum ranges from hundreds of MeV to 100 keV; with
hydrogenous material surrounding the target, the spectrum can be extended into
the thermal and epithermal region (0.01-10 eV). Fast neutrons are used for
nuciear-physics measurements, whereas slow neutrons are used to study the
dynamics and structure of materials. Experimenters at both ends of the spec-
trum use time-of-flight methods to distinguish neutrons according to energy.

To obtain good energy resolution without sacrificing flux, the neutrons must
be generated in intense pulses of short lengths compared with characteristic
flight times. The PSR meets this need by acting as a proton accumulator; it
converts long (100- to 750-us) linac pulses, which are unsuitable for driving
the neutron source, into appropriately short, very intense bursts, without
losing particles in the process. To accomplish this, the Ring operates in two
distinct accumulation modes, each independently optimized to provide the
desired neutron-source pulse structure for nuclear-physics and materials-
research programs.

The PSR has been authorized for construction and is now in the design
stage. It will be located in a tunnel adjacent to, and below the level of, the
existing beam 1ine (D) that serves the WNR facility. A plan view of the Ring
and tunnel, showing component locations, is given in Fig. 48. Beam enters the
Ring from Line D; after accumulation, it returns to Line D, through which it is
transported to the WNR neutron production target. Connections with Line D are
made by short, sloped, beam-transport channels. Above the Ring tunnel, and on
top of a 4.9-m-thick earth shield, a 750—m2 building houses power supplies
and control systems. Also included in the project is a 930—m2 building for
component development and assembly.
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Fig. 48.
Plan view of Storage Ring.

A. Operating Modes
Operational characteristics of the two PSR storage modes are summarized

in Table XI. In the short-bunch high-frequency (SBHF) mode, protons are accu-
mulated in six, equally spaced l-ns bunches during each LAMPF beam cycle (mac-

The bunches are individually extracted by a fast kicker during the
Because the linac macropulse fre-
The last 108 us

ropulse).
8.2-ms interval between injection periods.
quency is 120 Hz, this produces an extraction rate of 720 pps.
of each macropulise is modified by a chopper-buncher system in the low-energy
linac transport to form a sequence of micropulses spaced at 60-ns intervals.

The Ring circulation period is chosen so that this injected pulse train is syn-
chronized with the six bunches already stored; each incoming micropulse, con-
taining 3.33 x lO8 protons, merges with a Ring bunch. Before extraction begins,
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PSR OPERATING-MODE CHARACTERISTICS

Parameter

Number of bunches in Ring
Bunch length in Ring
Bunch interval in Ring
Buncher fregquency
Protons/bunch accumulated
Accumulated turns
Injection rate

Filling time

Extraction rate

Peak circulating current
Average current

300 micropulses are accumulated in each Ring bunch.

TABLE XI

Short Bunch High Frequency

Long Bunch Low Freguency

Nuclear physics

)

1 ns

59.63 ns
603.75 MHz
1 x 10t
300

120 bursts/s
108 us

720 pps

24.0 A

12 uA

Materials science
1
270 ns

2.795 MHz
5.2 x 103
2100

12 pps

750 us

12 pps
46.3 A

100 uA

The narrow bunch width in

this mode is maintained by a high-frequency buncher located in the Ring.

In the long-bunch low-frequency (LBLF) mode, the Ring accumulates entire
1inac macropulses (5.2 x 10 3 protons;} in a single 270-ns bunch. Each stored
bunch is extracted immediately after completion of the injection cycle, with a

maximum delay of 4 ms. Cycle repetition rate is 12/s.

Peak current, assuming

a parabolic longitudinal charge distribution, is 46.3 A; average circulating
current is 100 uA. A slow-wave chopper in the linac low-energy transport
carves each macropulse selected for the Ring into a continuous sequence of

270-ns pulses separated by 90-ns intervals.
permits entering pulses to be phase matched with those already stored. A first-
harmonic buncher keeps the 90-ns interval clear of protons to facilitate low-
loss extraction. After accumulation is complete, the Ring is emptied in a

single turn by the fast-extraction kicker.

The Ring period is 360 ns, which
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TABLE XII

STRUCTURAL PARAMETERS

Orbit circunferernce 90.2 m Dipole field 1.207

Focusing structure DOFQ Bend radius 4,06 m

Lattice type Separated function Dipole aparture 10.5 ¢m by 28 cm
Number of periods 10 Quadrupole gradients 3.76, -2.29 T/m
Free straight section 4.7 mfcell Quadrupole aperture 11.4 cm

Dipole lengtn 2.55 m Quadrupole length 0.5m

B. King Design
PSR structural parameters are listed in Table XIl and dynamical parame-

ters in Table XI1I. The present design differs somewhat from an earlier con-
cept®/ in that the circumference has been increased to 90.2 m, and the number
of periods from 8 to 10, he circumference is dictated by (a) the need for a
first-harmonic bunch length that is short, compared to thermal neutron genera-
tion times in the WNR target (1 to 10 us) and {b) the need for a lattice

large enough to provide straight sections for injection, extraction, and bunch-
ing, as well as space for future upgrades. A separated-function lattice was
chosen to allow a wide tune range and for simplicity of construction. The nom-
inal horizontal and vertical tunes of 3.25 and 2.25 were chosen to decouple
vertical and horizontal motions, to minimize radijal beam size at extraction,
an. 0 locate the transition energy well above the particle energy. The focus-
ing structure is a perfectly symmetric 10-cell DOFO sequence, which provides
many moderate-length straight sections, eliminates structure resonance effects
pelow fourth order, and produces reasonable-amplitude betatron functions.

TABLE XIII

DYNAMICAL PARAMETERS

Circulation period 357.7 ns ap/p {injectionfextraction) +0,001/£0.003
Proton kinetic € 797.0 Mey Emittance, injected beam 0.05 cm-mrad
Proton g, ¥ 0.842, 1.849 Emittance, extracted beam 2.0 cin-mrad
Proton rigidity 4.869 Tm Phase advance/cell

Transition y 3.02 horizontal 117°

Tunes (Qy, Q» nom.) 3.25, 2 25 vertical 81°
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The natural chromaticity of the lattice is negative (about -0.5) in both
planes, which should eliminate the need for sextupoles to suppress the head-
tail instability. However, four multipoie magnets are included in ihe Ring
design, so that sextupole field components can be introduced if required. Fig-
ure 49 shows the radial and vertical betatron functions anc the off-momentum
function n for a single period.

The ten 36° dipoles have a 10.5-cm vertical aperture to allow for a large
emittc..ce in the LBLF mode, which permits a high space-charge limit. Based on
the Laslett expression for the incoherent space-charge limit, assuming a maxi-
mum tune shift of 0.2, the acceptance aperture of the Ring would be filled by
4 x 1014 pratons in a 270-ns parabolic longitudinal charge distribution. The
design goal in the LBLF mode is 5.2 x 1013 protons in such a pulse.

The dipoles wil . be made from one-piece laminations of 1.6 mm-thick steel
to ensure adegquate magnet-to-magnet reproducibility and to minimize random mul-
tipole errors. The pole-face contour is designed to produce a field uniformity
of 5 x 10_4 within a 10.5-cm-diam circular section. Pole ends are parallel to

simplify lamination stacking.

C. Injection
Multiturn injection into the Ring in both oparating modes is by charge

changing of an intense H™ beam.®® To

provide the required H™ beam inten- .
sity ana pulse sequences to the PSR B 5] L2 ‘
with minimum perturbation of other 1 0,325 0,7225 }
LAMPF experimental areas, some compo-
nents of the accelerator must be modi-
fied. Funds for this are provided in
the Ring construction budget. Signif-
icant changes include (a) installation
of a high-current, surface-ionization, ¢ P _

BETA y BETA «

(METERS)

AMPLITUDE

H™ source, (b) alteration of the H™ o L P
(¢] | 2 3 4 5 [ 7 B 9

low-energy transport, (c) independent DISTANCE INTO CELL (METERS)

—_ +
steering of H and H beams in the
. . Fig. 49.
linac, and {d) reconstruction of the Radial (Beta x) and vertical (Beta y)
front end of the switchyard. These betatron functions and of f-momentum

function (Eta x) for a singie period.
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changes will be accomplished during scheduled LAMPF shutdowns and will be com-
pleted by March 1985.

The H™ beam is carried to the PSR from Line D by an achromatic transport
system. Immediately before entering the Ring, the beam passes through a strong
transverse magnetic field (1.8 T) that converts it with 100% efficiency to KO
atoms.®® The magnet is specially designed to minimize the angular dispersion
accompanying this process. The neutral beam then passes unperturbed through a
Ring dipole, and subsequentiy through a thin (200—ug/cm2) carbon foil that con-
verts it to H+ with 98% efficiency. At this point the incoming particles
merge with previously stored protons. A beamstop downstream from the next Ring
dipole collects the unstripped HO atoms.

The injected H™ beam emittance is 40 times smaller than that of the
stored beam at the end of the accumulation cycle. This permits the stored beam
phase-space distribution to be arbitrarily adjusted during injection by suit-
able programming of the relative coordinates of the incoming and circulating
beams.®® Control in the rorizontal plane is implemented by a time-dependent
closed-orbit distortion near the foil stripper, produced by a four-element
pulsed magnet (bumper) system. Vertical control is accomplished concurrently
by pulsed steering magnets in the injection transport line. Figure 50 illus-

trates the injection scheme.

D. Capture and Bunching

Beam bunches entering the Ring are synchronized in both operating modes
to merge with bunches already accumulated. In the SBHF mode, entering bunches
will be about 200 ps long and will have a maximum energy variation of #0.6 MeV.
Bunch structure is maintained by a cw bunching system operating at a 603.75-MHz
frequency. The buncher cavity is a 2-m-long DAW structure. A modified TV
transmitter package supplies the cavity with up to 100 kW of rf power. Bunch-
ing rf amplitude is 1.5 MV. Effects of high beam loading and step-load
changes, caused by individual extraction of the six stored bunches, are handled
at extraction time by electronically detuning the cavity and rapidly adjusting
the Tow-Tevel rf drive phase and amplitude.”®

In the LBLF mode, the 270-ns-long injected beam bunches are captured by
a first-harmgonic, 2.795-MHz bunching system. To minimize energy spread during
capture, the cavity gap voltage is linearly ramped during the injection cycle
to pace the accumulated charge. Maximum rf amplitude and average drive power
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Fig. 50.
Injection scheme, showing stripper magnet, foil, and orbit bump.

are 10 kV and 30 kW, respectively. Power is coupled to the beam by a sinale-
gap, Z2-m-long, ferrite-loaded cavity. Because beam-loading effects would be
severe for a conventional high-output-impedance drive, the cavity will be
driven by a Tow-impedance {10-f2) output stage configured as a power follower.
In the SBHF mode, the first-harmonic cavity will be mechanically shorted.

E. Extraction
Beam extraction is in vae horizontal plane and is accomplished by two

4-m, parallel-plate, transmission-line kickers, located as shown in Fig. 48.
These provide (sequentially) 6.6-mrad radially outward and 3.3-mrad radially
inward deflections that add because of the betatron phase difference between
them. The kicked beam enters the aperture of a 0.5-T dc septum magnet, which
in turn deflects it into the extraction channel. Radial separation between
stored and kicked beams is 10 cm at the septum entrance. Figure 51 displays
the beam envelopes of thc kicked and unperturbed beams. FExtracted beam is con-
ducted to a reinsertion point in Line D by a transport system designed for high

currents.
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Fig. 51.
Beam envelopes of the kicked and unperturbed beams.

The kicker pulse is propagated opposite to the beam to obtain additive
deflections from electric and magnetic fields of the TEM wave. Pulses are pro-
vided by a thyratron-switched ferrite~isolated Blumlein PFN.?! Rise-and-fall
times are 30 ns in the SBHF mode, with a total base width of 115 ns. These
stringent requirements are set by the need to extract individual bunches with-
out disturbing those remaining in the Ring. Pulse amplitudes are 50 kV, and
peak power is 100 AW, with a 4.3-kW average power. Pulse repetition rate is
720{s. The unusually high rates, coupled with the short transition times,
stretch the state of the art in switch~tube technology. Long-bunch kicker
requirements are not as demanding, because repetition rates are much lower and
pulse fall time is not critical. However, a different energy store is required.

F. Instabilities and Control

Growth times and thresholds for coherent instabilitier in the PSR have
been previously investigated by Neil and Cooper 72 and also by Courant, Smith,
and Neil.”® Because of exceptionally high circulating currents, low energy
spread, and relatively low energy, PSR operation might appear to be threatened
by many instabilities; however, because storage times are short (a few milli-
seconds at most), only instabilities with growth times of that order are
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important. This radically improves the situation. Further advantages inherent
in the PSR design are (a) operation well below transition, which eliminates

the negative mass instability; (b) a large aperture; and (c) good vacuum

(3 x 10_9 torr).

The transverse resistive wall instability has submillisecond growtnh times
for the LBLF operating moda. A high-power, wide band, active damping system is
therefore incorporated into the Ring to suppress it. Bandwidth is sufficient
for control of growth modes up to n = 20. The system is similar in design to
those in use at Fermilab.”* If necessary, the four multipole magnets of the
Ring can be energized as octupoles to raise the threshold for onset o this
instability.

The longitudinal resistive wall instability has an n = 1 growth time
(LBLF mode) of ~1 s and therefor: wculd seem to present no problem. However,
the local Keil-Schnell criterion applied at the ends of the bunch indicates the
possibility of fast-growing instabil.ty in these regions. To study the details
of Tongitudinal motion expected in thke Ring during injection and capture, as
well as thereafter, a computer code was written that numerically integrates the
Vlasov equation for the appropriate distribution function. The calculation’®
includes Tongitudinal forces causea by wall currents and space charge, finite
wall resistance, and rf cavities. No evidence of instability appears, even
after 2000 turns. The injection process was initiated with the 2.795-MHz rf
cavity gap voltage at 2.5 kV; rf amplitude then was ramped linearly to a 10.5-kV
final value.

The amplitude of coupled-bunch 'ongitudinal oscillations (SBHF mode) is
not known at this time; provision has been made to install a synchrotron-
frequency splitting cavity in the Ring to eliminate this problem should it

occur. The Ring also is being constructed to minimize both transverse and

longitudinal coupling impedances.
In the SBHF mode, the high bunching voltage (1.5 MV) demands a high shunt

impedance to keep rf power requirements reasonable. The relatively high beam
current (I = 0.53 A at h = 216) thus induces a substantial cavity voltage, and
the Robinson instability must be considered. The effects of this instability
have been caiculated’® and the 603.75-MHz rf system is being designed accord-
ingly.

Two vacuum-related instabilities also have been considered. These are
(a) beam-induced electron multipactoring’’ and (b) the beam-induced jon-wall
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instability, initially observed in the CERN Intersecting Storage Ring (ISR).
The first involves acceleration of electrons into the vacuum wall by the time-
dependent radial electric field of the circulating bunched beam. For pulse
frequencies and intensities expected in the PSR, calculations suygested that
the process could rapidly escalate; this would lead to pressure rise, diagnos-
tics blinding, and beam loss. However, a simulation experiment indicated that
if baked stainless steel surfaces are used in the vacuum system, there should
be no multipactoring near PSR bunch frequencies.

The second, the ion-wall instability, is caused by gas evolution from the
vacuum wails produced by energetic ions accelerated in the radial electric
field of the stored beam. The ion-wall instability also can escalate rapidly,
leading to pressure rise and beam loss. Detailed calculations for PSR oper-
ating modes showed that, because of short storage times, PSR peak currents are
at least an order of magnitude below the critical currents for onset of this

effect.
Ir. PROJECT STATUS

During this reporting period the design, performance goals, and cost
estimate of the PSR project have been extensively reviewed. At the same time,
considerable progress was made on the design of equipment and buildings and on
development of prototypes for key advanced-technology devices, such as the

fast-extraction kickers.

A. Reviews
The overall PSR project design and planned performance objectives were

examined in June by a DOE panel chaired by R, Neal of Stanford Linear Acceler-
ator Center (SLAC). The review was one segment of a comprehensive comparison
of the two competing United States puised spallation neutron sources--the
PSR/WNR at Los Alamos and the Intense Pulsed Neutron Source-I (IPNS-I) at ANL.
Both projects were carefully scrutinized with reference to their present capa-
bilities and future potential as thermal neutron sources (intensities, usage
factors, operating cocsts), and also with reference to the planned materials-
science research programs. The chief aim of the review essentially was to
determine which suailation neutron source, in a severely constrained United
States materials-science budget, should receive future support.
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The Neal committee concluded that the PSR design was realistic, practical,
and well thought out and also that the performance objectives were readily
achievable, assuming the usual machine commissioning period. A subsequent
comprehensive neutron-source review tody (now referred to as the Brinkman
Panel) recommended that the PSR/WNR at Los Alamos should receive strong future
support.

At the request of DOE, the PSR cost estimate was re-examined in detail
during August and September, taking particular account of recent and antici-
pated equipment-cost escalation and the latest building-cost estimates fur-
nished by the project's architect/engineer. Increased costs of modifying the
LAMPF accelerator to provide beam to the PSR were also closely examined. The
firm of William Brobeck, Inc., of Berkeley, California, was engaged as engi-
neering consultant to help with equipment estimates. The new estimate turned
out to be significantly higher than the then-current total estimated cost
(TEC) of $19 M, and a Laboratory committee, composed of senior staff with
construction-project experience, was formed to audit the estimate and assess
the situation. This committee found that, except for somewhat Tow allowances
for I& software and for project management, the estimate was complete and
correct. They found nothing significant to delete or add. A new construction
TEC of $21.8 M was praposed to (and eventually accepted by) DOE, and the
Laboratory agreed to furnish an additional $1.5 M in R&D funds to augment the
budget for development of advanced PSR special equipment.

B. Buildings

Designs for the PSR staging building were completed. The low bid was
$0.791 M, 20% below the estimate. Construction began on January 1, 1981, and
will be comp'eted by summer of 198l. The staging buiiding, which is fully
equipped with substantial electric power, closed-loop cooling water, and other
essential services, will provide the PSR pruject with 12 500 square feet of
much-needed, on-site, laboratory and equipment-assembly space.

Design of the Ring tunnel and equipment buildings has begun. Initial
radiation-shielding studies are being reviewed to provide final specification
on the thickness of tuff between the buried tunnel and the equipment building.
An air-flow scheme for purging and ventilating the tunnel has been worked out.
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Preliminary layouts of the water-cooling systems have been made. A surplus
8-MW cooling tower, more than adequate to handle the Ring heat load, has been
found in West Virginia; arrangements have been made for it to be shipped to

Los Alamos.

C. Equipment Design and Development
Summarizing the status of equipment design and development, ordered by

major systems, we can make the following remarks.

1. Injection System. Injection transport optics have been optimized,
and the locations and parameters of the magnetic elements have been specified.

The Tine has been designed to cancel beam-momentum dispersion at the Ring
injection point and to handle any of several possible injection programming
(phase-space filling) schemes. Studies of these programming modes are continu-
ing; the object is to select one and specify its appropriate hardware within
the next few months. We have studied a foii-based, beam-halo removal scheme
in the injection line. This halo stripper will clean off most of the unwanted
edges of the beam (beyond 3¢ in transverse dimension) before it enters the
Ring, thereby considerably reducing activation of Ring components. About 2%
of the beam may be removed in this process. The injection-1ine guadrupoles
have been specified and put out for bids. Drive requirements for the pro-
grammed fast-injection steerers have been specified, and a first look at a
pulsed-power-supply design for these units has been completed. A circuit that
uses power field-effect transistors (FETs) appears attractive. An improved
high-speed driver for the low-energy beam chopper also has been investigated,
although the final design requirements for this device are not yet known.

2. Storage-Ring Passive Elements. Preliminary design for the 4-in.-
aperture main Ring dipoles has been completed. The magnet cores are to be
fabricated from parallel laminations that are slipped with respect to each
other to follow the curve of the beam trajectory. We intend to have these mag-
nets fabricated by industry. This procurement (which will approximate $1 M,
including the power supply) will be the largest single equipment order. Design
of the main Ring quadrupoles has been postponed until the extraction beam-
dynamics problems have been ironed out. A prototype trim-coil power supply for
the main dipoles has been completed and performs as required.
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We have taken a first look at a scheme for scraping the edges of the
stored beam, using foil scatterers and downstream, scattered-proton collectors.
Possible scatterer and collector locations have been identified.

The vacuum-system design is well aiong. Studies of pumping and flow for
representative segments of the Ring vacuum system have been performed, and
desired base opereting pressures (in the 1079 torr range) have been achieved.
Outgassing measurements have been made for sample dielectric materials intended

for service in the Ring.

3. Storage-Ring Active Elements. System requirements for the 2.8-MHz
rf buncher have been outlirad, and preliminary buncher-cavity parameters worked
out. Possible rf power sources also have been studied, with emphasis on model-

ing a low-output-impedance power follower. This rf drive would radically
reduce the effects of beam loading, which for the more conventionai high-
impedance source, are a very serious problem.

Construction of a prototype 20-tube distributed power amplifier for the
transverse damper has made good progress. Several important low-power proto-
type components of the damper electronics package have been fabricated and
successfully tested. The order for the Eimac power tetrodes needed for the
final version of the distributed amplifier is on hold, pending availability of
funds.

General requirements for the low-level rf system have been outlined. The
principles of operation for a special phase-stabilized cable, which carries
the 201.15-Mhz reference signal from LAMPF to the PSR, have been successfully
demonstrated.

Specifications for the 603.75-MHz rf system have been set down. Various
options have been examined, with particular attention being focused on the
probiem of how to handle the high beam loading, and step changes in heam
loading, as bunches are individually extracted from the Ring. The currently
favored solution calls for fast mechanical tuning of the bunching cavities and
relatively modest (100-kW) rf drive power, provided by two 55-kW commercial TV

transmitter packages.

4, Extraction System. Dynamics of the extraction process have been
studied extensively, with the objective of increasing to 10 cm the kicked-beam
displacement at the extraction septum. The scheme now specified requires two
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4-m~Tong stripline kicker magnets, located in the two straight sections preced-
ing the septum. Beam is first kicked radially outwards and then, after a 180°
phase advance, is kicked radially i.ward across the septum.

Construction of the short-bunch kicker modulator prototype is complete,
and testing of critical components has begun. The long-bunch modulator test
stand is about 50% complete. A contract with ‘industry to develop a magnetic-
modulator alternative approach to the extraction-kicker power supply has been
terminated, because of difficulties in fabricating suitable Tow-inductance
cores. The program is being continued as a low level in-house project by the
Electronics (E) Division.

Considerable effort has been devoted to optical design of the extraction
transport system. This system is required to put the beem onto the WNR target
through a large existing 90° bending magnet, which has a rather restrictive
aperture and is highly dispersive. The system also must handle the very large
momentum spread and very high initial momentum dispersion of beam that leaves
the Ring and very high levels of space charge. Several solutions have been
studied; so far, the most promising is a short-wavelength focusing system that
achieves partial cancellation of momentum dispersion. UJetails will be worked
out during the next few months.

In the extracticn process, it may be advantageous to use a special septum-
quadrupole magnet in the Ring, as an alternative to the septum dipole. Figure 52
shows a possible septum gquadrupole configuration made by modifying an existing
guadrupole design. Note that the number of excitation coils is high, the geom-
etry is complicated, and the quadrupole size is large.

A better conceptual design for a septum quadrupole is shown in Fig. 53,
where all excitation coils are of small size and the septum return conductor
is incorporated into the excitation coils. Figure 54 shows the actual conduc-
tor configuration. The conductor extending beyond the poles of the quadrupole
is meant to shape the fringing fields, to avoid introducing other multipole
moments; extended septa are used in much the same way to linearize the end
fielas of dipole septum magnets. Calculated magnetic fields for the septum
quadrupole are shown in Fig. 55. The septum-conductor current-density varia-
tion was crudely simulated by splitting the septum conductor into three sec-
tions, each with the proper currents. With even this crude simulation, the
field gradient is uniform to within 2% and the "field-free" region has a resid-
ual field of ~2 G. Figure 56 shows the kicked and stored beams when a septum
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Fig. 52.
Cross section of standard gquadrupole modified to a septum guadrupole.

quadrupole is used in the extraction straight section. Note that the beams
are separated quite well in the middle of the straight section and that the
extracted-beam diameter increases rapidly.

5. Instrumentation and Control. A start has been made on overall
design of the PSR I&C system and on staffing of the I& section. A central
feature of the design is commonality with the FMIT project I&C hardware, as
well as cooperative development of the system software with FMIT staff. Prog-
ress has bean made toward defining and ordering the central control computer;
at present, a member of the VAX family, manufactured by Digital Equipment Cor-
poration, looks likely. As much as possible, the I&C system is to be hased on
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Fig. 54.
Septum gquadrupole isometric view.
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standard available CAMAC modules; some hardware has been ordered for system-
development studies. A preliminary study has been made of the operators' con-
sole, and the PSR signal-timing system has received initial attention.
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H™ ION SOURCE, INJECTOR, AND ACCELERATOR TEST-STAND STUDIES

I. ION-SOURCE RESEARCH

The following performance ras heen achieved for various surface-plasma-

source (SPS) configurations during this reporting period.

A. Dudnikov Configuration (Pulsed QOperation)
Maximum extracted H™ current is 160 mA with a 0.5- by 10-am cmission

slit having a 0.5-mm anode web.

At H™ current of 80 mA, the upper bounds for the norialized emitrances*
of e, = 0.6G41w cmemrad and ¢ = 0.0277 cmemrad have been measurcd, and a lower
bound on the normalized brightness (B) of 14.6 A/cmz-mrad2 has been determined
with a 0.5~ by 10-mm emission slit and a 0.5-mm anode web.

The ribbon-emission-slit dimensions were changed from 0.5 by 10 mm2 to
1- by 5-mm2 to measure the change, if any, in €y and €y For a 51-mA beam
from the 1- by 5-mm2 s1it, the upper bounds on the normalized emittance are
€y = 0.026n cm-mrad and e, = 0.029n cm-mrad, resulting in & lower bound on the
brightness of 13.7 A/cm-mradz. Note that the x- and y-plane emittances are

symmetirizea by this simple change in the ribbon-siit geometry.

B. General SPS Research

1. Arc Noise Versus Emittance Studies. Measurements in the Dudnikov

configuration of the beam emittance, with quiet- and noisy-arc discharges,
clearly indicated an improvement by a factor of 3 in beam emittance for a
guiet arc, compared to a noisy arc. The exact origin of the arc noise is
uncertain, although hydrogen gas flow, cesium flow, and the source magnetic
field all seem to affect the amplitude of the arc noise. This research demon-
<trated H™ beams in the 10- to 20-mA range with e, = ey < 0.008¢ cm-mrad, and

B = 31 A/cmz-mrad‘.

*The emittance numbers reported here are those that contain 63% of the current
in each direction.
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2. Source-Emittance Distribution Theory. A simple ion-source emittance-
distribution theory, which assumes a uniform current distribution and a Boltz-
man distribution of transverse ion velocities at the source plasma boundary,
has been partially developed. The theory relates the beam emittance to the
fraction of the beam contained within the emittance contour. The one free
parameter is the ion temperature used in the Bolizman distribution. The shape
of tne'measured curve for an 80-mA beam is fairly well represented by the
theory, although not as well as for a low-current (~10-mA} beam.

Other calculations done this year considered the theoretical space-charge

1imit for extracting H~ ions through circular emission-extractor geometries.

Details of the ion-source research are reported in Refs. 78 through 81.

IT.  ACCELERATOR TEST STAND

The ATS work compieted or in progress, and its status at the end of the
reporting period, is described in the following section.

A. Facilities

The Accelerator Technology Laboratory (ATL) building was completed in
November. Preparations have been made to begin installation of the remaining
high-power electrical utility circuits for the ATS, its rf-power source, and
other general laboratory circuits. Figure 57 shows the system layout.

] [ ]
it

L [T[T]
Isylntion |
Transtarmaer |
I Calumn

Loser
Dome | | = - -
Power Supply @ J 1 Linoc
\ — Tronspart ————-—"l Klystron
lon Source ) [_I_] OKIyslmn Cop. Bonk Power

1 Supply

Fig. 57.
Experimental equipment layout.

118



B. ATS Control System

A master clock, providing control signals to all subsystems of the ATS,
has been designed, fabricated, and tested. The clock is synchronized to the
60-Hz ac line to provide accurately reproducible rf-power time profiles. The

signals are a time-zero pulse for reference, gas and arc pulses to the source,
a pulse of variable delay and duration to the rf system, trigger to the laser,
and trigger to the diagnostic. The design permits computer-control aaditions

at a later time.

C. Laser Diagnostics
The laser for the laser diagnostic is installed on the ATS. Its safety

enclosure and interlock system are complete. The last element of the pico-
second timing system (10-ps resolution, 5-ps jitter), which measures the time
of the laser pulse relative to the rf, has been delivered by the ccmmercial
vendor. Acceptance tests have beqgun for establishing reliability of the
device. Optics for transporting the laser beam from the laser to the c<iagnos-
tic region are on hand but are not yet installed.

Stepping-motor positioners, capable of one-, two-, or three-dimensional
operation in high vacuum, were designed and built. Initial tests revealed that
hardening the lead screws by heating produced unacceptably large deformations.

A nonhardened lead screw was made and is being tested.

ITI. THEORY

A, ATS Injector-Column Calculations

We have recalculated the ATS injector-column beam dynamics for the case
of a 100-mA, 100-keV H™ beam. Initial phase space is taken from recent emit-
tance measurements on a puised 80-mA H beam. Additional calculations will

be done on the column beam dynamics next year.

B. RFQ Design-Error Analysis
We performed an analysis of the effects of beam mismatch into the final

design RFQ for the ATS. The design specification is given below. We found
that the following actions taken with the input beam typically nad a 10% effect
on the current and emittance of the output beam: =#0.15-cm off-axis beam dis-
placement, *#3-keV error in input energy (cut of 100 keV), *1,5° offset in
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Design Parameters Input Conditions

Frequency 424 MHz wi 0.10 MeV
Ion H™ en(lOO%) 0.10% cmemr
Number of cells 360 (normalized)
Length 2.886 m en(90%) 0.070n cmemr
Vane voltage 120.5 kv (normalized)
Average radius, (ro) 0.409 cm . (rms) 0.016w cm.mr
Final radius (a) 0.297 cm (normalized)
Initial modulation, Mi 1.000 I 105 mA
Final modulation, Mf 1.688
Initial synchronous -90° Cutput Conditions
phase, ﬁi
Final synchronous -30° We 2.00 MeV
phase, bf en(90%) 0.075% cmemr
RF power (including RFQ, 1.15 MW (normalized)
manifold, and beam) <, (rms) 0.0184xn cmemr
(normalized)
Transmission 96.1
I 101 mA

dx/dz, and a 25% error in beam size. The beam transmission efficiency
(nominally 96%) and output emittance (nominally 0.0184n cmemrad rms) were
insensitive to #40-mA fluctuations in input current, assuming a matched
current of 105 mA. We also have run calculations using asymmetrical input
emittances, such as those produced by the Dudnikov source with a rectangular
emission slit. The results are quite interesting in that the RFQ output

emittance is symmetrical, and fcr reasonable input beams (ex + ey)input
+ L . .

~ (ex ey) output”’ This implies that the RFQ does not require a
symmetrical input emittance. Table XIV tabulates the results of the error

studies.

120



TABLE XIV
RFQ ERROR STUDIES

- l ]f’;’t 'I;rans ]Eff] Normah‘z)e(d Output Emittagce
No. k 1077 amp | ‘out/ in rms 90% rims 90% Comments
0 o 0.96 0.0185 | 0.0722 | 0.0183 | 0.0785 | Nominal Parameters
- 4 93 —_0_8;—“_0,—02—26— _0_1005; —0—01_85 —B.EBZ-—be—on—Ee;ﬁ-;_:x:? x nominal emitiance, :y = 1/3 norinal erittance
£ 51 0.49% 0.0228 | 0.1425| 0.0258| 0.1142 | Input energy 10% high (110 key)
6 87 0.83 0.0215 10,0884 | 0.02171 0.0980 | Input energy 5% high (105 kev)
? 82 0.78 0.0216 { 0.0932 | 0,0216 | 0.0951 [ Input energy 5% low {95 keV)
8 100 0.96 0.01B8 | 0.083C | 0.0176| 0.0756 | 0.05 cm off axis displacement
9 96 0.9z 0.0234 | 0.1078 | 0.0238| 0.0967 | 0.10 em of f axis displacement
0 89 0.85 0.024310.1017 1 0.0232 0.1005 | 0.15 cm off axis displacement
1 82 078 0.0275 [ 0.121B] 0.02381 0.1125| 0.20 cm off axis displacement
1z 69 0.66 0.0276 { 0.1153 1 0.0215( 0.0929 [ 0.25 cm o°f axis displacement
5 Al 0.68 0.0250 | 0.1016 { 0.0240 | 0.1120 | 0.05 radian error 1n dx/dz
6 | 94 0.89 0.0244 | 0.1051 { 0.0223 | 0.0947 | 0.025 radian errcr in dx/dz
18 122 0.94 0.0187 { 0.0764 | J.0176 { 0.0779 | Current mismatch - Lip = 0.130 A
19 137 0.86 0.0186 | 0.0819 | 0.0205 | 0.08%"  Current mismatch - 1, = 0.160 &
20 144 0.80 0.0186 | 0.0842 | 0.0215 | 0.0942 | Current mismatch - Xin = 0.180 A
21 48 0.97 0.0172 { 0.0737 1 0.0186 { 0.0842 | Current mismatch - I;, = 0.050 A
22 0 0.99 0.0212 { 0.1013 [ 0.0218} 0.0956 | Current mismatch - lip = 0.0 4
23 95 0.91 0.0174 | 0.0738 | 0.0171( 0.0696 | Beam size mismatch - 0.86 x noninal
24 89 0.84 0.0186 | 0.0814 | 0.0187 | 0.0720 | Beam size mismatch - 0.77 x nominal
25 77 0.73 0.0210 ) 0.0841) 0.0213 | 0.0925 | Beam size mismatcn - 2,67 x nominal
26 95 0.91 0.0193 | 0.0656 { 0.0122 [ 0.0773 { Beam size mismatch - 1.22 x nomina’
27 86 | 0.82 0.0197 | 0.1017 | 0.0191| 0,0820 } Beam size mismatch - 1.41 x nominal
29 72 0.90 | 0.0296 | 0.1202 | 0.0281( 0.1197 | Dudnikov source; 0.080 A in, £,"™ = 0.041, Ey”“s = 0,027
30 68 0.B5 0.0316 [ 0.1185 | 0.0260| 0.1120 | Oudnikov source errov; 0.10 cm off axis displacemenrt in A
3 70 0.88 0.0306 | 0,1<70 0.0257| 0.1233 | Oudnikov source error; 0,10 c¢m off axis displacemert ir Y
32 68 0.85 0.0301 | 0.1295| 0.0304 | 0.1345 { Dudnikov source error; 0.025 radian error in dx/dz
33 69 0.86 0.02€1 [ 0.1099 | 0.0307 | 0.1280 | Dudnikcy source error; 0.025 radian error in dy/dz
34 61 0.76 0.0329 ( 0.1319{ 0.0314{ 0.1223 | Dudnikov source error; input energy 5 keV high
35 60 0.75 0.0289 | 0.1281 | 0.0342 | D.1448 | Dudnikov source error; input energy 5 keV Tow
36 62 0.78 0.02B5 0.1130) 0.0295| 3.1242 | Dudnikov source error; size mismatch - 0.77 x nominal
M) 64 0.81 0.0278 | 0.1109,; 2.0278| 0.110G | Dudnikov source error; size mismatch - 1.22 x nominal

C. Detailed Matching
A numerical procedure was developed for generating phase-space distribu-

tions matched to nonlinear periodic focusing systems. This procedure uses a
version of the particle-tracing code HOT, which starts in a smooth-focusing
configuration for which a matched distribution can be calculated by the RZED79
code. Such a distribution is followed in the tracing code, while adiabatically
deforming the focusing forces until an alternating gradient configuration is
reached. The final distribution function is periodic with the structure
period; that is, the distribution is matched to the final configuration. Com-
puter imulations show it is possible to match into highly nonlinear focusing
forces by producing a large beam matched to an accelerator operating near the
Zox + o, = 360° rcsonance, which is excited by the first harmonic of the rf

121



coupling forces. These calculations do not include space-charge effects. We
expect the procedure to work similarly when the three-dimensional space-charge
calculation is included in the particle-tracing code. This work is described
and discussed in more detail in report LA-8442-MS, Ref. 82.

We believe that the adiabatic transition occurring in an RFQ structure
is responsible for its excellent performance. It is worthy of note that the
detailed matching theory was instrumental in providing the impetus to build the

POP RFN.

D. Ellipse Fitting
This year we tested and complieted the documentation on a computer program

that will fit a hyperellipse to a set of phase-space points in as many as six
dimensions. An added feature of this program from a previous version is that
we can vary the weight assignea to the phase-space points as a function of
their distance from the centroid of the distribution. By varying the weight,
we can aetermine whether there is a difference in ellipse orientation between
inner and cuter particles.

The program is useful in studying the effects of longitudinal and trans-
verse phase-space couplings. The documentation is included in Refs. 83 and 84.

£. Mismatch Emittance Growth
In the design and construction of accelerators there are two major goals:

obtaining sufficient current of adequate quality (emittance) and, for some
devices, avoiding even Tow levels of particle loss. Effects from beam space
charge place important limitations on achievable performance.

In circuiar accelerators the requirement of single-particie stability in
a strictly periodic system limits the beam-plasma frequency to much less than
the transverse-oscillation frequencies. In addition, the long time scales
usually involved, together with the small plasma frequency, imply that the most
important space-charge effects are instabilities, and these have been investi-
gated extensively.®®

On the other hand, in Tinear accelerators the lack of strict periodicity
means that plasma frequency can equal or exceed particle oscillation freguen-
cies, and operation in this high-density regime is required to meet the design

goals of several planned linear accelerators. Because beams are in linear
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accelerators for only a short time span, instabilities, though still quite
important, may no longer be the dominant effect of space charge on beam
behavior. In fact, evidence from computer simulations®®>'” suggests that
mismatch (that is, injecting the beam into the accelerator, or a portion of

the accelerator, in the wrong state) is largely responsibie for the observed
degradation of beam quality.

The problem of emittance growth (degracation of beam quality) caused by
mismatch has been treated theoretically in this period. The method of attack
is outlined here; the full analysis will be published separateiy. Particle
losses, the possibly important influence of machine errors, and instabilities
are ignored. Note, however, that even if we are operating in a regime where
instabilities do occur, it is necessary (to study the instabilities accurately)
to separate the effects of mismatch. Therefore, the purpose of our study was
to uncerstand what types of mismatch are most common or important so that
possibly they can be avoided.

In attacking this problem there are four major difficulties. Our prob-
lem is fully three-dimensional, both in external forces and in beam configur-
ation. In some cases beams are very long, and thus etfectively are two-
dimensional; but in many cases of interest all beam dimensions are comparable.
The inhomogeneity scale length is the same as the mean oscillation amplitude
of particles, so that no uniform density approximation is valid. Note also
that the inhomogeneity scale lengths are comparable in all three directions.

We see that both external forces and beam confiquration are time dependent. A
multiplicity of time scales of significant phenomena occur. Of course, all of
these difficulties affect computer simulations also, making them both diffi-
cult to do and hard to interpret.

The fastest time scale in our prcblem is the accelerator period; because
almost all accelerators are made up of repeating configurations of focusing,
defocusing, and accelerating elements, whose properties repeat with small vari-
ation (as seen in the beam frame) along the accelerator, it makes sense to talk
about an accelerator period. A somewhat longer time scale, by a factor of 3 or
4 (for high-intensity beams), is the plasma period. Somewhat longer still, by
a factor of 2 to 4, is the single-particle oscillation (betatron) period. (Note
that when we refer to betatron period we always mean the effective oscillation
period in the presence of the beam's space charge.)
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Qur approach to this problem is to make a multiple time-scale expan-
sion so that we correctly can include the effect of the rapid fluctuations on
the slower time evolucion (the oonderomotive force) while ignoring the details
of the rapid fluctuations, and thus also leaving out the possibility of para-
metric instabilities driven by the fluctuating external force. We first use
the multiple time-scale expansion to derive equations for both the slowly and
the rapidly varying parts of the match. We then examine the time evolution of
perturbations about the match and divioe this time evolution into rapidly and
slowly varying parts. Finally, we assume that only the slowly varying part of
the time evolution of the perturbation is significant, an assumption that is
vivlatea if parametric instabilities also occur.

A1l of our equations are written for the beam frame of reference, so
that aill external forces depend on both space and time. In this frame of ref-
erence we assume that the particle motion is nonrelativistic: an approximation
that, for the particles we are interested in (protons and heavier particles),
is always very good. In addition, because space-charge effects are most impor-
tant at low beam velocity, the electrostatic approximation is well justified.
Also, we assume free-space boundary conditions, thus ignoring the effects of
the wall-—an approximation that may not be completely justified. We also use
the transport approximation; that is, we assume that the accelerator period
structure is changing so slowly from period to period that we can ignore
the change. Accelerators often are designed so that, from the beam frame of
reference, this approximation is very good. In addition to time periodicity,
we make no assumption about the external forces, allowing arbitrary dependence
on space and time (consistent with net focusing). Using these approximations,
we can elucidate the qualitative mechanisms of emittance growth as a function
ot time.

The analysis proceeds as foilows. We make a multiple time-scale expan-
sicn of a single particle's motion in a rapidly fluctuating force. The force
is allowed to be fuliy three-dimensional, with arbitrary spatial dependence.
These results are used to derive, from the full Vlasov equation, a set of
eguations for the rapidly and slowly varying parts of the match; in other
words, we make a multiple time-scale expansion of the Vlasov equation. We
then examine the initial value problem for perturbations away from the matched
solution. We split this time evolution into slowly and rapidly varying parts
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and derive a lineariz-d Vlasov equation for the slowly varying piece; the
relation to the "smooth" approximation that is often used is secn at this
step. The short-time, or high-density, 1imit of the Vlasov equation is
examined, and some qualitative results about the mechanisins of emittance
growth are presented. A systematic expansion around the high-density
solutions is developed and the solutions, including first—order corrections,
are explicitly given. In addition, the long-time behavior is discussed
qualitatively. We define and derive expressions for the rms emittances and
give approximate formulae for these emittances. We compare our theory to one
set of computer simulations, while examining the hypothesis that one type of
mismatch is primarily responsible for the simulation results. We obtain
reasonable agreement between theory and simulations. Finally, we review the
results of the theory and discuss limitations and possible extensions of this

work.
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