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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, produet, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT

Ektensive measurements on the broperttes 6f electron rings
and of_the limiting nature of collective instabf]ities have been
carried out at Berkeley. Peak collective fields of 5 to 10 MV/m
have .been regularly achieved; higher values should be attainable
by improvement in the quality of the magnetiévguide-fie1d,_ Design

paraméters for an ion accelerator suitab]é:for biomedical applic-.

~ ations will be discussed. The design will be presented of an -

e]ectron:ring device to contain ions for the spectroscopic study

of atoms in a highly-stripped state.



The experimént at Berkeley on the use of electron ffhgs to accelerate ions
were suspended in June 1974 because of lack of research funds. This paper will
describe a) the experimental results obtained Up to that time, b)\computational
results on parametérs for an électron ring accelerator for heavy ions thét would
be of value in biomedical diagnosis and possibly therépy, and c) plans for future
work that we hope to start soon at Berke]ey,lin whichrrelativistic electron rings
will be used as a containment source for high1y—$trippéd heavy ions produced by

the ring.

I. Measurements on Electron Rings at Berkeley
Figure 1 shows the relativistic electron source at Berkeley which has been

L)

described elsewhere It is a linear induction accelerator that uses ferrite |
cores’driven'by-Blumlein lines. We have usually operated it at 3.6 MeV and |
about 500 amperes; The elecfron energy can be contrqi]ed quite accurately either |
to be constant during the pulse length, or to rise by a.few percent during the
injection time when we wish to stack a beam with an'ihiffélly prescribed energy
spread. Figure 2 Qhows the compressor and acce]erating_solenoid that we have
been using for experiments for a year or more. 3

In the past, cq11ective instabilities have severely 1imited the number of |
electrons that c0u1d be contained in the ring. The longitudinal (negative mass)
instability proved the most intractable, the transverse cbherent insfabi]ify
being amenable to mbre degrees of control; e.g}. by manipulation of the shébe of
Ithe magnetic guide;fie]d. As a result of extensive expérimehfal and computationé]
work, we arrived at the design of metallic liner showh in Figure 3, which we felt‘
wou]d provide aﬁ e]ectriéa] environment of'aquuéte cbnductivityvto'allow.keasdn-,
ably large electron numbers to be stable and still wou]d not interferevundu1y with

penetration of the pulsed magnetic field. The resistivity ofjthe etched stainless

steel foi]_avekage§f45 milli-ohms per square. By injectihg a two-turn beam with
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2% energy spread (full width), rings with e]ectfon number 6 x 10]2 after injection
were regularly achieved, without significant degradafion“by instabilities.

We did not feel it worthwhile to try experiments-on-extraction and acceler-
ation of the ring unless we wefe confident that holding fields in‘the‘ring were
at least a few_megayolts.per meter. Several 1éngthy experiments therefore were
made on how to achieve optimum kfng quality. Diagnostics used included: current
pick-up lbops'to.monitor_thevring current near injection and near thé end of
compreséion; fast response loops to detéct any high fkequenﬁyvrf signals if
instabilities shouid arise; optical dbservation of the hinor cross-section of the
compressed ring both in the visible and infrared; an asymmetric pulsed magnetic
- field to kick the ring axially into the side wa11'--‘the timing of the x-ray
pulse giving a measure of the axial ring size; and an obstac]e probe,fhat could
destroy the beam as it compressed -- the duration of the x-ray pulse giving a
measure of the radial size. R

The resuTt of these observations was that in our compfeééor we could regularly
form compressed fings with a holding field of 5 MV/m and more, without any
problems from collective instabilities; the typical ring pafametérs being:

N, ~2x 10", R* 3.9 cm, 2a = 3 to 4 mm (FWHM radial), and 2b = 5 to 6 mm

v (FWHM axial). A disappointing feature however, was théoobservation of serious

- broadening of the ring in the axial dimension, which ]ed-to loss of more than

half the e]eétrons during compression as a result of péssage through single-
particle resonances at n # 0.36, 0.25 and 0.2. Both these actions have the result
of reducing the hb]ding field.

The main conclusion is that the design of the e]ectrfca] environment used
 a11ows control of collective instabilities up to electron number Ne =6 x ]0]2.

With proper trimming of the magnetic field to reduce perturbations driving single-

vpartiqlg resonances, holding fields some six times 1afgér than the observed 5 MV/m



should be ach1evab1e with this apparatus.
No experiments were performed on the extract1on and acceleration of the
ring. '

I1. Possible Parameters for an Electron Ring Accelerator for Biomedical Use:

If it can-be_demonstrated that electron rings can be used to accelerate
heavy ions stably oVer long distances (tens of meters),.fhen an attractive
abp]ication wou]d'be for therapeutic and diagnostis dse*in medicine since the
ion energy needed could be achieved by magnetic acceleration alone. The possi-
bility of this application was examined in detail by'L.JQ Laslett (2); and sets
of possible ring parameters were derived by extensivelcdmputationa] work subject.
to the following input conditions: . |

i) The number of ions was adequately large to ensure positive axial

focusing of the electrons. .., |
ii) The momentum spread and the number of e1ectrdns'in the ring were
su1tab1y chosen to remain below the thresho1d for the negative
mass - instab111ty
iii) The numbers of ions and electrons were shch as to ensure stability
for ionfelectron oscillations of the type studied by koshkarev and
Zenkevieh; Specifically, the‘numbers wene ehosen to avoid the a
lowest quadrupole resonance; whether this is 1imiting is not known - |
yet. : |
| Br1ef1y, Las]ett S results are as follows:
- The electron_number. Ng» was typ1ca11y (1-1.5) x 10]3
- The ion number Ni' was typically 10 /C, where C is the charge -
state of the jon. : |

- The length of -the solenoid required to acce]erate ions to a certa1n

energy depends on the selected charge state, C. (See F1g 8)
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- A]ternatively; the final fon energy achievabje with a solenoid of
given 1éngth dépendsvon_the se1ectedvcharge étate, C. For example,
" a 35-meter solenoid would produce nebh»ions with 300 MeV/u for C = 5
and 100 MéV/u‘for C=2. |
- To produce néon'ions mainly with C = 5 or more would require holding
| the ring for 3 to 4 mf]liseconds before'release into the accelerating
coiumn.--To-produce ions mainly With (‘. = 10 wou]d probab]y demand very
‘stringent control of background gas contaminants unless additional
hardware features could be devised to shake loose periodically the un-
desired ions created from the backgfound gas. - | |
Thus, if the feasibility of ion acce]ération over_jong_distances can be
established, these results show there are]severa1 chof@es of operating parametefs
which could reach useful energies without resort to electric acceleration of
the ring (See Fig.»4). For the long d.c. so]enoid'neéded; supercohductingv

technology seems a natural application in order to reduce electrical power costs.

_III.' The Electron Ring as a Spectroscopic Source for Highly Stripped lIons:

A characteristié feature of the electron ring is that onee an atom of
neutral gas has suffered an ionizing collision, the ion rémafns trapped fn the
potential we]l'of the ring and becomes the target for SUCcessive"ionizing colli-
sions so,thatgit acquires a progressively higher charge state. In the process,
the cold atomic-électrons released are expelled by thé potentia] of the ring and
are ndt available for recombination.. There is essentia11y‘no'exper$menta1 infor-
mation about the cross-sections for collisional ionization of ions that are
multiply charged or the reverse process of electron pick-up from neighboring
neutral gas atoms. There have been extensive calculations at Berkeley using
theoretical modéls'to determine how the mean charge and charge distribution of

the ions contained in a ring progress in time, and how the veiocity distribution .
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of the ion evolves |
It is of considerable interest now bt‘Berkeley to cpnstruct a special
compressor for thepspecific purpose.of creating intense‘compressed'rings to be
used for stripping and containing ions so that the spectroscopy of such ions
can be studied as.well as cross-sections. for ionizatidn.and'electron-capture.
This field of physies is studied at present-by the techniques of Beam-foil
Spectroscopy in whicﬁkions'trave1 at high speed thropgp:a stationary stripping
foil. By coptrast, the re]ativistic'ring of electron acts like a moving
stripper and leaves the stripped ions virtually at reét;' Such measurements
are of great fundamental'interest in atomic physics puf‘elso are of great
- importance fo solar physics and more recently to fusion research for the deter-
mihation of the role of very heavy ions that can cool the plasma in a reactor.
In some respects such a compreséor should be easier to construct than one
from which it is intended to extract the ring and accelerate ions.. One is freed'
“from the requirement that the field index n has to change from its value at in-
jection (in the neighborhood‘of n = 1/2) to a value of n = 0 at fhe release point;
by keeping g_cohetant during compression,'problems'ahising from single-partic]e
resonances can be-aVoided Since a long containment t1me -- about one second --;
is des1red the t1me for compression can be 1onger than usua] e. g , severa1
milliseconds, thus allewing iron pole- t1ps for the magnet wh1ch can be used to
shape the f1e1d and moderately thick sta1n1ess stee] fo1] for the vacuum chamber.
which would prov1de a low coupling impedance and he}p in suppressing the negative
mass instabiiity. The most difficult feature will be_the'atteinment of the very.

-10 47T Torr) which is needed both to avddd the ion-electron

~ high-vacuum (P = 10
‘instability and to prevent charge transfer from the neutral background gas to
the highly stripped ions under study. The possibility of an'all-stainlees?steel

vacuum chamber is an aid in providing an easily-cleaned surface. A cross-section
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of a possible arréngement using cryopumping is sthn in.Figure 5.

Energy loss of the electrons in fhe compressed ring'by synchrotron radiation
‘ isvan important effect, and to keep the radius of the:cbmbressed ring constant
it is:necessary td decrease the guide magnetic field. For an example case(4)
in which the electrons are injected at 40 cm radius and'cémpfessed to 3 cm
radius, the way in whicﬁ the kihetic energy (T)and the’magnetic'field (8)
decrease is shown in Figure 6 (a); Other re]éyant‘parametefs are shown in
Figures 6(b), and (c) as functions of time. | o \

A pre]iminary.experiment has been carried out in a previous compressor to
study the feasibility of detecting characteristic x-rays from ions produced by |
the -electron ring.'.The experimentawas successful in'showing'that the K and L
x-rays from xénon could be detected with sharp resdlution with a high signal-
to-noise ratio(s)despite the rather hostile radiation fié]d of the compressor.

We thus feel that the device described here will provide a viable new use for

intense electron rings.
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View of the 4 MeV electron linear induction accelerator.

View of the compressor with magnetic accelerating solenoid on left.
Metal liner for compressor interior.

Examples of the relation between solenoid length and kinetic energy
for magnetic acceleration only for the case of neon:ions of various
charge states.

Schematic of cryopamped compressor with laminated iron magnet.

Example calculation of variation in time of a) magnetic field,
electron energy, major radius; b) RMS axial and radial minor
dimensions -- betatron and synchrotron contributions shown separately;

c) electron density (cm'3).
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