
Lawrence Berkeley National Laboratory
Recent Work

Title
A COMPARISON OF METHODS OF PRODUCING VERY HIGHLY STRIPPED URANIUM BEAMS

Permalink
https://escholarship.org/uc/item/7r1062fb

Author
Brown, I.G.

Publication Date
1983-10-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7r1062fb
https://escholarship.org
http://www.cdlib.org/


1 

LBL-16906 
~.d-... 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA R~er!IV!O 

Accelerator & Fusion 
Research Division 

BERKELEY LABORATORY 

MAY 1 1984 

LIBRARY AND 
DOCUMENTS SECTION 

A COMPARISON OF METHODS OF PRODUCING VERY 
HIGHLY STRIPPED URANIUM BEAMS 

I.G. Brown 

October 1983 TWO-WEEK LOAN copy 
'. h' ' a Library Circulating Copy k 
T IS IS . d for twO wee s, 
'which may be borro~e 
for a personal retentIon copy, call 

"Tech, Info. Division, Ext. 6782. 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



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, product, 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. 



,I' 

LBL-16906 

A Comparison of Methods of Producing 

Very Highly Stripped Uranium Beams 

I an G. Brown 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

October 1983 

This work was supported by the Director, Office of Energy 
Research, Office of High Energy and Nuclear Physics, Nuclear 
Science Division, U.S. Department of Energy under Contract 
Number DE-AC03-76SF00098. 



.. 

" 

Abstract 

A comparison is made between the production of ~igh intensity beams of 

helium-like uranium ions, U90+, by conventional and exotic ion sources, and 

by the foil stripping of highly accele~ated ions output from the Bevalac. 

The parameter requirements are specified and compared to the parameters 

achievable by present day ion. source technology. The EBIS (Electron Beam Ion 

Source) comes closest to satisfying the necessary parameters, and this 

possibility is considered in some detail. 

We conc 1 ude that ex i st i ng and nea~-future ion SOl,lrce technology does 

not provide a means of production of high intensity U90+ beams.· Foil 

stripping of lower charge state species that have been accelerated through the . , 

Bevalac provides a convenient approach • 



I. Introduction 

Interest in heavy ion atomic and nuclear physics has created a need for 

a means of production of reasonably intense beams of highly stripped heavy 

ions. Helium-like uranium, U90+, is of particular interest for a variety of 

reasons, and here we consider this ion. 

Concomitant with this interest in highly stripped species has been a 

renaissance in high charge state ion source development. Several devices have 

attracted considerable interest as possible sources of very highly stripped 

ions, especially the EBIS and ECR ion sources. It is natural to consider 

whether or not it might be possible to push these sources sufficiently far 

beyond their present operating regimes to produce U90+ ions. 

We consider here the parameters that determine the charge states 

evolved by an ion source, and then briefly survey existing and possible ion 

source performance in terms of high charge state production. The source that 

shows the greatest potential for production of very highly stripped species is 

the EBIS, and the Appendix contains an informal proposal, written late 1982, 

for a possible U82+ EBIS Rand 0 Project. 
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II. Ion Sources "', ,; 

A. Source Parameters " 

In an, ion source, a' plasma is created from the desired elemental 

spec i esa:nd the plasma ions' are extracted by 'ane 1 ect rode arrangement to 

produce the ion beam. There' are thus two fundamental components -' pl asma 

discharge and extraction optits; The plasm~ parameters determine, largely if 

not completely,extracted' beam ion composition, current, ~energy spread, 'and 

charge state; these' beam parameters reflect' the parentpl asma parameters'-

plasma composition, ion density, ion temperature, and ,charge state 

distribution' (C.S.D.). Thus, consideration of the ion beam charge state 

distribution must focus upon the'plasma physics of the discharge. 

Ions are created by ionization from the neutral state by electron 

impact., The plasma ions may be stripped by a number of different processes, 

but the most important process is stepwise ionization by successive electron 

impact. -As one intuHively expects, the maximum charge state that· can be 

obtained ;s determined by: ' 

(i) The electron temperature Te i 

(ii) Theproductnet i of electron density ne 

and ion confinement time t i • 

Thus the plasma electrons must be sufficiently energetic to remove the bound 

electrons by collisions, and the plasma, electron' density and ion residence 

time must be sufficiently great to allow the stripping to evolve. 

Calculations of the parameters necessary to achieve different charge 

states for a' variety of ,elements have been carried out by a number of 

authors,(l, 2) and involve evaluating expressions, of the type: 

1 (1) 

- 3 -



where ne is the electron density, ti(Q) is the time which must elapse 

to produce ions of charge state Q, ok, k+l is the cross section for 

ionization from charge state k to charge state k + 1 by electron impact, 

ve is the electron velocity, and the average <oV> is taken over the 

distribution of electron velocities. The cross sections can be taken as 

given by the semi-empirical formula of lotz(3). It is in some instances 

more appropriate to consider the parameter jt rather than nt, where j is 

the electron current density. Since j = nv, the two are simply related by 

nt = jt/v, (2) 

where it is understood that j is measured in electrons/cm2sec. We 

ignore the difference between the electron energy Ee for the case of a 

directed beam of electrons and the electron temperature T e for the case 

of a Maxwellian plasma, and note that the results are quite insensitive to 

the electron distribution(4). 

Results of calculations of jt(Ee) for a number of ion species are 

shown in Figs 1 - 5; these calculations were carried out by the 

Orsay/Saclay EBIS group. For a given charge state, the required jt 

becomes finite at an energy equal to the ionization potential for that 

particular charge state, and has a broad minimum at an energy several 

times the ionization potential, corresponding to the maximum in the 

ionization cross-section curve that occurs at several times the ionization 

potential. 

From data such as those shown in Figures 1 - 5 it is thus possible 

to predict the plasma requirements necessary to produce a particular ion 

in a particular charge state. 
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B: Comparison of Ion Sources 

We consider the following sources: 

PIG .(cQ1d and hot cathode) 

.. Duoplasmatron 

ECR ion, source 

EBIS 

Laser ion source 

Vacuum -spark ' 

Exploding wire 

Tokamak 

The progression is from conventional to unconventional •. Thus, the 

PIG and duop1asmatron are quite commonly used asacce1er,ator 'sources; the 

ECR and EBIS are currently being developed at a number, of -laboratories; 

laser plasmas, vacuum sparks and exploding wires have been. jnv~.stJgated 

for their possible use on avery preliminary basis; and the Tokamak fusion 

reactor device is added as an interesting comparison. 

1. PIGs 

The PIG source is the most common.1y used ion source for accelerator 

application •. , The PIG plasma has been well described (e.g.-5, '6, 7), as 

also have PIG ion sources (e.g. 8 -- 16).'- In the .. PIG the 'bu1k plasma 

electron temperature is - 10-100. eV ,and. -there is also a component of 

primary, non-therma1ized~ ref1exinge1ectrons with 'energy of 'the same 

order as. the cathode-anode voltage drop and it is these electrons whose 

energy i.spertinent to the ionization process.-, Primary electron densities 

up to _10 14 cm-3 and.ion -conflnement, times up to sev.eral microseconds 
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have been estimated(l1), for an nt - 109 cm-3 sec or jt - 2 X 1018 

e1ectrons/cm2 at E = 1 keV. These numbers are reasonably consistent 
. 9+ 11+ wlth the observed maximum charge states such as Ar and U , (recall 

that for any real distribution in ion lifetime and electron energy, there 

will not be a sharp cut-off in charge state distribution, but a gradual 

reduction in intensity). Table I (from ref. 9) shows examples of the 

kinds of charge state species that have been observed. Fig. 6 (from ref. 

11) shows a comparison of measured and calculated charge state 

distributions. Fig. 7 shows the spectrum obtained from a uranium PIG 

source, tuned to maximize the U5+ and U6+ yield (ref. 16). 

2. Duop1asmatron 

This source has been well investigated also (ref. 17 - 19). Its 

advantages are long lifetime, quiet operation, and high beam current. The 

charge state species available, however, are modest. 

3. ECR Source 

In an ECR ion source (20 - 25) the ionizing electrons are the hot 

electrons of a plasma that is produced by the injection of high puwer 

microwaves into a static magnetic field. When the microwave frequency is 

equal to the electron cyclotron frequency eB/m of a particular magnetic 

surface, energy is efficiently transfered from the microwave field into 

electron temperature, and an energetic electron component can be 

produced. Most ECR ion sources are two-stage devices; eg Fig. 8 which is 

a schematic of the ECR ion source under construction for the 88" 

cyclotron. (25) Plasma created in the first stage at a pressure - 10-3 

torr is allowed to drift along the magnetic field into a second region 

where the pressure is much reduced, -10-6 torr. In the second stage the 
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magnet ic field confi gurat ion is that of a minimum-B stabil ized magnet ic 

mirror(26) so as to maximize the ion confinement time within this 

stripping region. Typically several kilowatts of microwave power at a 

~ frequency -5-15 6Hz are used to create a plasma of hot electron density up 

to a maximum of -1012 cm -3 and temperature up to -10 KeV, with an ion 

confinement time of up to .several milliseconds; thus n values up to 

-109 cm-3 sec are obtained. The chief advantages of the source 'are 

its simplicity and cw operation. 

Performance of ECR ion sources in terms of the output i on charge 

state distribution has ,been well investigated, and Fig. 9 shows a 

comparison of a measured CSD to that calculated(24). The source output 

is fairly well predicted. 

4. EBIS 

The electron beam ion source has attracted considerable interest in 

recent years because of its ability to produce very highly stripped heavy 

ions. To date· the record charge state produced is Xe52+, by the Dubna 

group(27). Fig. 10 shows some CSD data obtained by this group. EBIS 

operating principals are described in some length in the Appendix. 

Briefly, a batch of ions is confined electrostatically within a high 

current density electron beam; after maximum stripping is achieved the ion 

potent i a 1 we 11 is switched and ions are extracted. The electron beam is 

magnetically compressed to a current density over 100 Amps/cm2, and the 

device is cryogenically pumped to a vacuum -10-12 Torr allowing an ion 

confinement time of several seconds. Thus jt is over 1021 

e1ectrons/cm2, which is far superior to that achievable with any other 

ion source. The electron beam energy can be any desired value ,from a few 
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keV up to a few tens of keV or higher. The disadvantages of the source 

are its low duty cycle, -SO~sec pulses every few seconds, and low particle 

output (-108 particles per pulse). Nonetheless, because the EBIS 

provides a possible means of producing very highly stripped species, this 

source is considered in some detail in the Appendix. Fig. 11 is a 

schematic of a conceptual superconducting and cryogenic EBIS. 

5. Laser Ion Source 

By virtue of the ability to concentrate energy into very small 

areas in very short duration pulses, pulsed lasers can attain field 

intensities that are many orders of magnitude greater than achievable by 

any other means. This pulse of optical radiation can be focused onto a 

surface in a vacuum to create a dense, hot plasma from which ions may be 

extracted. Because of the application of this phenomenon to fusion (both 

controlled and uncontrolled), the field has received a great deal of 

attention, (see e.g. refs. 28 - 34). The plasma conditions created are 

unique in that the density is extremely high (approaching solid density) 

and the lifetime extremely short (inertial disassembly time); typically, n 

< 1021 cm-3 and t < 1 nsec, for nt < 1012 cm-3 sec. High charge 

states such as C 23+ o , F 16+ e , Gd26+ have been observed. (see Fig. 

12). Fig. 13 shows a schematic of a laser-produced plasma device proposal 

as a more-or-less complete ion source including the extractor (ref. 29). 

6. Exploding Wires 

Exploding wire~ constitute a phenomenon of interest to fusion 

research, but it seems that this kind of plasma device Has not been 

i nves t i gated by the i on source commun i ty. The short pu 1 se and low duty 

cycle inherent to the method are severe disadvantages. In high power 
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exploded wire discharges, the density, ion confinement time and electron 

temperature are similar to that obtained in laser discharges. The record 

charge state achieved seems to be Au51+ (35) 

7. Vac~um Sparks 

The vacuum spark has been used for a long time as a spectral source 

for multiply ionized species. As for laser and exploding wire discharges, 

the electron density is high (~ 5 X 1020 cm-3) and ion residence time 

short (of order nanoseconds), but here the electron temperature may be as 

high . 'as ' 10 keY or more. Species 1 ike Ti 20+, Fe24+, Cu27+ have been 

observed. (36) .' 

8. Tokarnak 

The tokamak is a controlled fusion research device which has been 

very well developed(37).. At the present time this magnetic confinement 

geometry is the leading contender for the first ,power-producing fusion 

reactor, and energy break even (fus i on power out equal to plasma heat i ng 

power in) is expected to be demonstrated within only a few years on a 

presently existing device. It is of some interest to consider the tokamak 

as a comparison. Parameters that have been achieved are approximately -­

density 5 X 1013 cm-3, ion confinement time < 50 msec, electron 

temperature up to several keV. Species such as w35+, M032+ have been 

observed.(38,39,40) Fig. 14 and Table II indicate the kinds of ion 

lines that have been observed in the Princeton ST tokamak device. 

In Figure 15 the operating regions in E - nt space for the above 

sources are shown. The boundaries of the various regions are not meant to 

be precise, but indicative. The soft boundaries yield as source 

performance is continually improved. 
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III. Foil Stripping 

The stripping of ions to high charge state by causing the beam to 

pass through a thin foil of solid material or through a gas cell is 

common. I n a sense th is is the inverse process 'of that emp 1 oyed in 

multiply charged ions sources, such as those just described in section 

II. In an ion source, cold ions are stripped by encounters with 

energetic electrons, whereas in foil stripping energetic ions are 

stripped by encounters with cold electrons. Note that another 

significant difference is that the excited state relaxation time of the 

multiply-charged ionization states produced may not be short '(in foil 

stripping) compared to the time between successive encounters. Thus the 

cross-sections for ionization to successively higher charge-states may be 

significantly larger than cross-sections estimated for the case of 

de-excited multiply-charged species, and the stripping may proceed at a 

faster rate than otherwise expected. 

This effect can be seen in the following way. Consider the ion 

residence time t to be equal to the transit time of the ion through the 

foil (or gas cell), and the electron density ne to be the electron 

density of the stripper material. For comparison with our calculations 

(Figs. 1-5), consider the 'equivalent electron energy' Ee to be given 

by equating the ion velocity to the equivalent electron velocity. Then 

me 
Ee (equiv) = mi 

and for comparison with the Figures, 

jt = ne ve t 

- 10 -
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= a Z vi 
m' A p vi 

a Z = 
mp A 

= line electron density (4) 

where a is the foil or gas 1 i ne dens i ty (gm/ cm2), Z the atomi c charge 

of stripper material, A the atomic weight of stripper material, mp the 

proton mass. Consider now the following examples using equations (3) and 

(4). 

1. 84Kr at 444 MeV through a carbon foil of 100pgm/cm2 produces 

(42, 43) a charge state distribution peaked at Q = 30+, whereas one 

would predict Q = 18+. 

2. 238u at 962 MeV/amu through a copper foil(44) of 150 mg/cm2 

yields Q = 92+, whereas Q = 83+ is predicted. 

Thus the naive treatment presented yields an underestimate of the charge 

state reached, which effect we ascribe to the enhanced ionization 

cross-sections of excited states and the short time between collisions 

compared to the de-excitation time. As supporting evidence for this 

hypothesis, the agreement is better between measured and predicted charge 

states for the case of gas stripping cells, where the time between 

successive collisions is greater. 

For the present purposes, the point is that foil stripping of highly 

., energetic accelerated ions can produce charge states of heavy ions that 

cannot by any means be produced in normal (or exotic) ion sources. Thus, 

at the Bevalac, uranium beams have been produced of 2 x 106 particles 

per pulse extracted (before stripping) at up to 1 GeV/amu. After 
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stripping with foils of mylar or copper or tantalum, the dominant charge· 

state obtained is fully stripped uranium, U92+ (44) This is a very 

significant achievement. 
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Figs. 1-5 

Table 1. 

Figs. 6. 

Figs. 7. 

Figs. 8. 

Figs. 9. 

Figs. 10. 

Figs. 11. 

Figs. 12. 

Figs. 13. 

Figs. 14.} 
Table II 

Figs. 15. 

FIGURE CAPTIONS 

Calculated jt{E) for Ar, Kr, Xe, Ta and U ions. The jt 
(electrons/cm2 sec) calculated necessary to obtain the ion 
charge states indicated, as a function of electron energy (KeV). 
(From ref. 2) 

Performance characteristics of some PIG sources (From ref. 9) 

Measured CSO for a PIG ion source, compared with predicted CSO. 
(From ref 11). 

CSO obtained from a uranium PIG source. (From ref. 16). 

Schematic of the 8811 cyclotron ECR source. 

Calculated and measured CSO output from an ECR ion source (From 
ref. 24) 

Measured CSO spectra obtained from EBIS. 
Joint Institute for Nuclear Research, 
P7-80-515, 1980). 

{From Reprint of the 
Oubna, USSR, Report 

Conceptual cryogenic EBIS. (From LBL-5043, 1980) 

CSO produced in a laser-produced plasma. (From ref. 29). 

Conceptual laser-plasma ion source (From ref. 29). 

Line emission of high charge state ions observed in Princeton 
ST Toka~ak (From ref. 40). 

E - nt space showing obtained operating regimes for various ion 
sources. 
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Wavelengths and transltlons of the lines 
observed In the ST tokamak. 

Ion Transition Wavelength <A I Sequenee 

Xexxv 45Z15 -454P Ip 164.5 Zn 

MoxlII 4s'I5 -454p Ip 341.0 Zn 

Xexxvi 4s'5-4P t~'/Z.l/t 173.9, 234.2 Cu 

MOXlv 45'5 - 4p ZP312.1/z 373.8, 423.5 Cu 

Moxxxi 3s2l5 - 3s3p Ip 117.0 Mg 

Krxxv Sst IS - Ss3p Ip 159.0 Mg 

Moxxxu Ss'S - 3p 2Pllz.I/z 129, 177 Na 

Krxxvi 3s'S - 3p 'P,/t.tlt 179.6, 220.6 Na 

Fe XXIII 25215-2s2p Ip 133.2 Be 

Arxv 25215 - 2s2p Ip 221.2 Be 

Fe XXIV 25 25 - 2p 2pS/t, 1/2 192,256 U 

ArxvJ 25 25 - 2p !P,/t.I!2 354.1, 389.3 LI 

Table II 

PHYSICAL REVIEW A VOLUME 14, NUMBER 4 

©American Institute of Physics 1976 

Time behaVior or 
toe Zn- and Cu-sequencc 
resonance lines of xenon 
and the average electron 
density. 

OCT08ER 1976 

Reproduced with permission from the American Institute of Physics, New York. 
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APPENDIX 

Draft proposal for a U82+ EBIS, written November, 1982. Recall 

that the nt needed for U90+ is about an order of magnitude greater than 

for u82+, and so also (loosely speaking) is the degree of difficulty. 
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I. Introduction 

This is an informal, preliminary summary of a possible program for the 

deve10ment of an EBIS capable of producing neon-like uranium ions, U82+. We 

set out some aspects of the design requirements and of the program as ~ 

perceived at first blush. 

The layout is as follows: After a brief discussion of past EBIS work 

and a statement of EBIS operating principles, we present a derivation of the 

design requirements. This leads naturally to a consideration of several 

aspects of the design that are high risk in that the requirements are severe. 

Then a possible approach to the program is suggested, and finally an estimate 

of the cost and schedule. 

II. Some EBIS Background 

The multiple ionization of positive ions by successive electron impact 

is a well known phenomenon. For maximum ionization the ions should be 

confined within the stripping region for times that are sufficiently long for 

the trapped ions to be repeatedly struck by ionizing electrons. With this 

philosophy, Redhead(A1) made use of both a magnetic field to confine the 

electron beam and externally applied potentials to confine the positive ions. 

Donetz and the Dubna group(A2) added the features of extremely high vacuum, 

of operation ina pulsed mode so as to trap the ions until they are maximally 

stripped, and of injecting the electrons into the magnetic field from a high 

qual ity electron gun so as to produce a high density electron beam, and 

thereby created what has become known as the EBIS. In the ensuing 15 years 

has been carried out by EBI S development 

1aboratories(A3) most notably by Donetz et. 

Arianer et. ~1. at Orsay/Sac1ay(AS, A6). 
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In the EBIS, a high density electron beam is used to ionize a batch of 

ions in a straight magnetic field. The ions are confined radially by the 

space-charge field of the electron beam itself and axially 'by the 

electrostatic potential well established by voltages applied to a set of 

cylindrical metal tubes (the drift tubes) surrounding the beam (see Figure 

Al). Feed material - the atomic species to be ionized - is injected into the 

beam and is stripped by successive electron impact to a maximum charge state 

determined by the electron beam current density and energy, the ion residence 

time within the beam, and the background gas pressure. When this maximum 

degree of ionization is obtained, the axial potential distribution is switched 

from ion confinement to ion expulsion, and the ions are extracted and steered 

into the experimental chamber. The cycle is then repeated. 

At LBL we have constructed a small EBIS Test Stand (called BEBIS -

Berkeley EBIS) on which we have carried out EBIS Rand 0, (see Figures A2 and 

A3). With this device we have obtained the following results (among other 

things): 

We created a magnetic field which is straight on-axis to better than + 

50 lJ over a 55 cm. axial distance(A7), and also measured the electron beam 

trajectory and found it to be straight to the same tolerance. 

We designed and installed systems allowing the micro-manipulation of the 

electron gun, the drift tubes structure, and the magnetic axis; this had noi 

previously been done on other EBIS devices. 

Using a high sensitivity time-of-flight charge state analyzer we 

measured output ion species as highly stripped as Arll+. As an important 

guide for EBIS design, we verified that the number of ions created per pulse 

varies approximately linearly with the electron beam energy, linearly with the 
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confinement region (well) length, and is independent of magnetic field 

strength. 

The device operated highly reliably and reproducibly, both on a 

shot-to-shot basis and on a long term (weeks to months) basis, when properly 

aligned and tuned up. A full final report on the BEBIS experiment has been 

written.(A8) 

EBIS behavior is not fully understood, and there are a number of design 

requirements - such as magnetic field quality, alignment, gun and electron 

beam quality, super high vacuum - that make the EBIS a "tricky" device. 

However, the EBIS device offers a means of producing very high charge state 
. 

ion species that cannot be produced by any other means excepting for foil 

stripping of energetic ions produced by the big accelerators. 

III. Design Requirements 

In an EBIS highly stripped ions are produced by multiple collisions 

between the ions that are resident within the electron beam and the beam 

electrons. For a given charge state species to be produced the ions must 

suffer collisons with sufficiently energetic electrons a sufficient number of 

times. This translates into a requirement on (i) the electron beam energy, 

Ve , and (i i) the product jt of the electron beam current dens i ty j and the 

ion confinement time t. Figure A4 shows the results of a calculation of jt 

necessary to produce a gi ven charge state of urani urn versus the beam energy 

V~A9). jt minimizes. at a beam energy around 3 times the ionization 

potential for ionization to the final charge state, reflecting the shape of 

the ionization cross-section curve. It is interesting to note that these 

calculations are based upon the Lotz model (AIO) for the ionization 

cross-section, and provide a conservative estimate of the required jt. Thus 

the EBIS design is set in very large part by the two parameters jt and Vee 
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A. Beam Requirements 

The results shown graphically in. Figure A4 indicate that U82+ can be 

produced by a .minimum jt of approx 2.~ X 1022 electrons/cm2 at a beam 

energy, Ve of about 35 keY. The minimum in· jt.jVe} is broad and one could 

operate down to around 20 keY. As a reference point let us take as required 

conditions: 

and 

Ve = 30 keY, 

jt = 2.5 X 1022 electrons/cm2 
(Al) 

(A2) 

A trade-off between j and t is possible. Again as a reference let us 

take .. a long confinement time, say 

t = 5 seconds {A3} 

We will return below to ~iscuss the implications ·of this long.time. 

Then j = 5 X 10 21 electrons/cm2 second 

= 800 Amps/cm2 (A4) 

This is a quite moderate .current density" For compari son,the bare-beam 

(electron beam without any ion loading) current density actually measured on 

BEBIS is up to 200 Amps/cm2 at a gun~voltage of just 2 kV. 

An electron. gun designed for 30kV operation and with perveance of 

around 1.5 ~perv is readily .available from Hughes Electron Dynamics 

Division(All};.30 kV and 1.5 ~p implies a beam current I of 8 Amps. For a 2 

cm diameter gun cathode, a beam area compression of just 300,. {total 

electrostatic focussing and magnetic compression} will ,yieJd an 800 Amp/cm2 

beam, and the beam diameter. will be 1 mm. This, is a large 'diameter beam; 

compare to the BEBIS bare beam diameter of 0.3 ntn. I.e., these requ,irements 

don't seem too severe. 
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Having now determined the gun and beam parameters necessary, consider 

the following. The gun of an EBIS may be operated as an 'external' gun or in 

a 'semi-immersed' mode or in an 'immersed' mode, according to whether the 

magnetic field at the cathode, Bk is zero or intermediate or the full , 
magnetic field strength, respectively. i.e., the gun may be well shielded 

from the magnetiC field into which the beam is being injected, or it may be 

located in the (spatially) rising magnetic field region, or in the full 

strength field. BEBIS was operated in the external gun mode, as was the case 

for the Orsay device CRYEBIS. In this mode Brillouin flow(A12) can occur 

and, as the beam loads with ions and space charge neutralization occurs, the 

beam diameter can collapse and the current density can increase to very high 

values. It is this phenomenon of beam compression that is hypothesized as the 

explanation for the very high charge states that were seen with the CRYEBIS. 

The Dubna device, KRION 2, on the other hand, operates with the gun 

semi-immersed. In this mode of operation the high jt is achieved by using 

moderate j and long t(severa1 seconds), as opposed to the very high j and 

short t (- 10-2 seconds) of CRyEBIS. There is thus this trade-off betw~en j 

and t corresponding to the two alternative operating modes, and to some extent 

this choice is quite optional and depends on the application. However and 

here is the key point - experience has shown that the semi-immersed mode of 

operation is more reliable. This may well reflect the necessity for good 

Brillouin flow in the external gun case, a difficult condition to meet in the 

real EBIS world. It is much more attractive to be able to operate the gun 

semi-immersed than external. 

Thus the gun would probably be operated semi-immersed in the design we 

are considering. Beam neutralization and compression to high current density 
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by running an external gun is an option that one 'would wish to allow for and 

to try, but one would not count on it. A purely electrostatic area 

compression (i.e., the electrostatic focussing inherent to the gun design) of 

around 50 is normal for a gun' such as would be used here, and a further 

magnetic compression of less than a factor of ten would thus be required. The 

gun would be located in the fringing field of strength a few kilogauss or 

less, and would be axially moveable so as to empirically determine the best 

operating position. Similarly the field at the cathode should be variable, 

and empirically optimized. 

B. Vacuum Requirements 

Let us return now to the consideration mentioned above - the vacuum 

requirement that is imposed by the condition (A3), t = 5 seconds. 

We require: 

(i) Beam confined uranium ions should not suffer Significant collisions 

with background gas neutrals within the time t. 

(ii) Beam electrons should not ionize the background gas and load the beam 

with backgrbund gas ions significantly within the time t. 

Consider now these requirements one at a time. 

(i) We can take as an approximation the relationship(A13) 

1 

no = 5.3 x 109 j (:Ve) ~ ;z -1 
Z -4.2 (A5) 

which for a given gun and charge species relates the neutral gas density 

n 
no to the equilibrium ratio z- 1 ,the ratio of ions in charge state 

nz 
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z - 1 to those in charge state Z. In this expression, the. neutral gas density 

no is inparticles/cm3, j is the beam current density in Amps/cm2, A the 

ion mass in amu, P the gun perveance in micropervs, Ve the beam energy in 

kV, and Z is the final charge state. Here w~ take: 

and 

Whence we obtain 

or, say, 

j, 

A 

= 

= 

= 
= 

= 

800 

238 

1.5 . 

30 

82 

no = 9 x 10 
4 nz - 1 , 

nz 
no < 5 x 104 cm-3 

This corresponds to a pressure 

P < 10-12 Torr, 

-- A severe requirement! 

(A6) 

The relationship (AS) was derived from a model for electron capture by fully 

stripped ions from the background neutrals. Here we are considering uranium 

ions stripped down to the l shell, rather than fully stripped ions. Thus one 

should take the above requirement as being a first approximation. Since 

condition (A6) is a severe requirement, this sh6~ld be investigated more 

closely. 
. .. 

(i i) I oni zat i on of background neutrals by the electron' beam proceeds at a 

rate given by 

dn. A 
1 = ne no ve b l (1 i 

at e 
(A7) ., 
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where ne is th~ beam electron density, ~o the neutral density, ve the 

beam electron velocity, Ab the beam cross-sectional area, L the beam length, 

and ai the cross-section for ionization of background neutrals by the 30kV 

beam electrons. If we require that ions produced in this manner comprise no 

more than 10% of the total uranium ion number at the end of the confinement 

time t, then (A7) can be written 

no < 

or using (All) 

(A8) 

For 30 kV electrons, a final charge state Z of 82, taking ai=2 X 10-18 

cm2 and· letting t = 5'seconds, then we obtain from (A8). 

Po < 3 x 10-13 Torr (A9) 

a more severe requirement than that obtained above. This vacuum requirement 

can be relaxed significantly only by reducing the required confinement time, 

say from 5 seconds down to around one second. This in turn would require an 

increase in j by the same factor. 

We conclude that a base pressure within the drift tubes of less than 

10-12 Torr is required: this condition can be relaxed by shortening the 

confinement time. 

c. EBIS Parameters 
-" 

Most parameters have already been set in the previous two sections. It 

remains to fix the magnetic field strength and device length. 

The magnetic field shoul~ be a minimum of around 15 kG, in order to 

obtain the necessary beam compression and to have flexibility in the choice of 
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compression (and hence, beam current density). This can be achieved from a 

simple normal conducting solenoid. However, extrapolating from the BEBIS 

field, the power consumption would be about 1 MWatt at 15 kG, and this is a 

considerable power to deal with steady state, quite apart from the power 

cost. For this reason as well as for the added flexibility, we conclude that 

a superconducting magnet should be used. Recalling that a high field allows a 

higher current density and relaxed vacuum requirements, we tentatively decide 

on a field of 20 kG, with the capacity to run up to 30 kG. 

The 'device length' can refer to the length of the confinement region 

(well) Lw' or to the overall magnet length Lm. Let's assume for now that 

L = m L +-w 50 cm. The number of ions produced per pulse varies 1 inearly 

with L(A8) 
w • The cost wi 11 increase with length, as wi 11 also the degree 

of diffici!llty involved in precisely aligning the field, drift tubes and 

electron beam. Ther.e is thus a trade-off between these considerations. 

Contingent: upon the importance attached to the number of ions produced per , 
( 

pulse, we ~hoose here a well length of 1 m. 
1 

The i number of ions confined is up to a maximum such that the ion charge 

confined within the beam equals the beam electron charge, 

(A10) 

Which can be written 

(All ) 

where Ni is the number of ions confined and Zi is the average ion charge 

state. For the parameters we have chosen, 

9 Ni -= 6 x 10,· i.ons/pul se (A12) 
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The trapping and extraction will not be 100 efficient however, and based on 

our BEBIS experience, let's say that about 30% of this number is extracted. 

Further, not all of the confined ions will be U82+; there will be other 

uranium ion charge states as well as impurity ions. Note though U82+ is 

indeed neon-l ike, and the ion i zat i on potent i a 1 for U83+ is 24 kV; further, 

the cross-sect ion at 24 kV, (and at 30 kV), is sma 11. Thus there will be a 

strong 'tendency for the uranium charge state distribution to 'pile up' at 

u82+. Let's conservatively say that 20% of the' ,extracted ions are u82+. 

Then 

Finally~ we can now list our EBIS design parameters: 

1. Electron beam energy Ve = 30 kV 

2. Electron beam current I = 8- Amps 

3. Gun perveance P = 1.5 liP 

4. Well length Lw = 1.0 m 

5. Magnet length Lm -- 1.5 m 

6. Magnetic field strength B = 20 kG 

7. Beam current density j = 800 Amps/cm2 

8. Ion confinement time t = 5 seconds 

9. Ion output N = 4 X 108 U82+ ions/pulse 

10. Background pressure P = 10-12 Torr 

NOTE: 

1. Ve: Anything within the rang~ 20 - 50 kV. 

2. I: Take 8 Amps as an upper limit. This could be reduced to near, say 

0.5 - 1 Amp by requiring a higher beam current density. 
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3. p: a gun perveance of 1.5 pp is standard and achievable. 

4. Lw: Can be varied up (for more particles) or down (for cost and 

simplicity) as application permits. 

5. Lm: We somewhat arbitrarily take Lm = Lw + 50 cm. 

6. B: We take 20 kG as a good 'middle-of-the-road' number, but we want to 

be able to run as high as 30kG. To be empirically determined. 

7. j: 800 Amps/cm2 is achievable. To the. extent that a higher current 

density can be obtained so the vacuum requirements are lessened. 

8. t: Following an increase in j, t may·be decreased by the same factor. 

9. N: Can be varied a little as needs dictate as per eqn.(All) 

A decrease in beam current will decrease N. The number gi ven is near 

the top of the likely possible achievable range. 

10. P: Can be relaxed by decreasing t as above. 

D. Related Work 

Some of the parameters needed seemed quite fierce at first blush, and 

it is interesting to review briefly what other wor.kers have accomplished, as a 

comparison. 

(i) Hughes. 

Hughes Electron Dynamics Division(All) has a great deal of experience 

in designing and manufacturing guns of the type we will use here, in the 

propagat i on of compressed beams through small diameter tubes ina magnetic 

field~ ~and in the design and construction of biased electron beam dumps 

(depressed collectors) for the recovery of the beam energy. These aspects of 

the URESIS are not new, but have been investigated for many years because of 

the application to high power electron beam microwave devices (amplifier and 
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oscillator tubes). The gun that we would require is essentially 

off-the-shelf; cost would be in the range K$10 - 20, and delivery time 

approx imate ly 6 months. The Hughes 1 aboratory group has propagated a beam of 

this type (several tens of kV, several amps) through a O.lS" diameter tube in 

a magnetic field. We might estimate the beam diameter as around 2 mm or 

less. This ci~cumstance thusprovi~es evidence for the stability of an 

electron beam under conditions not too far removed from those. we require. 

Finally, we have spoken with Hi.Jghe~ about their electron collector design. 
- .. ~ . 

That the beam is a quarter-magawatt d.c. seems to be not an insurmountable 

obstacle in terms of electron collector design, and a guess based on 

experience indicates that approximately 90 of this power can be recovered 

electrically; this still leaves 2Skw to be dumped, however. 

(ii) Dubna 

Donets's group at Dubna· has constructed and operated the cryogeni c 

device KRION 2{A4). This device utilizes a 20kV, 0.2 Amp (ap~roximate) 

electron beam, and a 5 second ion confinement time has been achieved by means 

of the liquid helium cooled drift tubes. The 'record' charge state obtained 

most recently is xeS2+. Figure AS shows caltulated jt versus Ve curves 

for various charge states of xenon. For Xe50+ a jt of 7 X 1021 

electrons/cm2 sec is required at a beam energy of about 20 kV. This is only 

about a factor of three less than that needed here. Furthermore, a S second 

confinement time has been ac·hieved, assuring us that the vacuum qual ity needed 
..... 

is indeed realistic. 
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IV. Some High Risk Aspects 

Here we list a number of components of· the program that are 

particularly uncertain, and that will require special attention. 

A. Uranium injection 

Uranium atoms or ions must be injected into the electron beam. 

Idea11y~ the injection would occur. as a pulse of duration about 10 msec, and 

would focus the material into the beam. A focussed gas puff is feasible, but 

it appears that the only gaseous urani urn compound that one mi ght use is UF 6' 

which has a boi 1 ing point of 65° C. Thus there· are at least two major 

drawbacks: (i) the temperature required is not only non-cryogenic, but in 

fact is elevated above room temperature, (ii) The ion output would be mostly 

f10urine, with only a minor uranium concentration~ 

Another method of injection is the laser evaporation of material from a 

solid surface. This was tried on the BEBIS device without any notable 

success. We used a manganese target and we produced some manganese ions, but 

this was in the presence of a high impurity ion concentration. Our set-up 

used a ruby laser simply because of convenience, and this may not be optimum; 

further, the impurity concentration would be much reduced when cryogenic drift 

tubes are used. We can say that this way of going is a possibility, and it 

will certainly require Rand D. 

Finally, one can inject metal ions into the electron beam by creating 

the ions in a more conventional source, such as a PIG, and guiding these ions 

into the electron beam through a small hole in the gun cathode. Sac1ay is 

currently planning on this method of injection. Again, significant Rand D 

will be required. 
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B. Electron Collector 

As previously pointed out, the electron beam will contain a power of up 

to about 250 kWatt, and a 'depressed' (electron retarding) collector will be 

..:. necessary to recover as much of this power as is possible and reduce the 

thermal loading to a reasonable level. Hughes has had considerable experience 

in the design of this kind of collector, and we should interact strongly with 

them. Orsay, also, has looked into this feature. We have some reason for 

optimism because of the work of these two groups; but nonetheless, this is an 

area in which there is a risk. 

C. Electron Beam 

We will have a high voltage, high current, high current density 

electron beam propagating along a strong magnetic field, and there occurs the 

question of beam stability. One can discuss the various kinds of plasma 

instabilities to which the beam might be prone, and the various possible 

stabilizing mechanisms(A13), but the uncertainties are great, and the only 

reliable evidence for stability is an experimental demonstration. Beams of 

parameters approaching those required by us have been obtained, and we thus 

anticipate stability. But this won't be known for sure until actually done in 

the lab. 

D. Vacuum 

A pressure within the drift tubes, in the electron beam environment, of 

10-12 Torr or better is required. Dubna has obtained such a vacuum, and we 

are comforted by this fact. But the actual pressure obtained in a given case 

is determined by the balance between cooling and thermal loading on the drift 

tubes surfaces. Thus it is important ot provide a good thermal connection 

between the drift tubes and the refrigerant. Also note that we will be using 
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a 250 kWatt beam, and the fraction of this power that can be deposited on the 

drift tubes must be very small, ~ 10-5, in order to ~'void evaporating 'cooled 
" I 

material. To the extent that the number of ions per pulse can be reduced, so 
, : 

can the beam current, and so also the magnitude of this concern • 

. : ~ . 

• 1:< , 

. ,,: 
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V. A Possible Rand D Program 

A possible modus operandi might consist of the following steps: 

1. Visit Other Laboratories 

The Dubna device KRION 2 has many features similar to the device 

proposed here, and it would be advantageous to visit the group there to learn 

from them first-hand. Similarly one would like to visit the groups at 

Orsay/Sac1ay, arid the Hughes electron beam people. 

2. Engineering and Design Studies 

Those features with which there is a risk associated should be selected 

out for special attention first, early in the program: 

Uranium injection, 

Electron collector, 

Electron beam, 

Vacuum. 

The assumption could be reasonably be· made, based partially on the BEBIS 

experience, that the following features are fairly straightforward and wi 11 

present no problem: 

Magnet, 

Electrical/electronics systems, 

Ion extraction and optics, 

Charge state analysis, 

Drift tubes structure design. 

3. Preliminary Rand D 

One might choose to proceed a little cautiously and to experimentally 

demonstrate· that a few key p~rts of the device can indeed be solved in 

practice. These would be those things that have been selected out for special 
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attention above, V.2. These are aspects of the hardware that need to be taken 

care of anyway; the suggestion here is that they be demonstrated as solved 

before advancing further. 

4. EBIS Construction 

This constitutes the bulk. of the time, money and effort, and includes 

all electronics, superconducting magnet, and all peripheral parts of the 

system. It is proposed here that commitment to this major construction phase 

not be made until all the steps above have been satisfactorily demonstrated. 

5. Cost and Schedule . 

The UREBIS project would be similar in magnitude to the cryogenic EBIS 

that was under consideration for the 88-inch cyclotron, with a few extra 

twists such as the uranium injection and high power electron beam. Thus we can 

base our estimate, for now, on the estimate made for the cyclotron project. 

On this basis, a very preliminary indication would be a total project duration 

of about 4 years for a cost of about $5 million. One would not commit until 

phases V 1 - 3 have been handled, and this might entail a 1 - 2 year period 

for a cost of about $2 million, say. These estimates are rough, and could be 

refined by a preliminary design study. 

- 48 -



"" AI. 

A2. 

A3. 

A4. 

A5. 

A6. 

A7. 

A8. 

REFERENCES (APPENDIX) 

P.A. Redhead, Can. J. Phys. 45, 1791 (1967) 

E.D. Donets, IEEE Trans Nucl. Sci. NS-23, 897 (1976) 

See, for example, IEEE Trans Nucl. Sci. NS-23, pp. 979-1030 (1976) 

LD. Donets,Sov. J. Part. Nucl. ,!l, 387 (1982) , 

J. Arianer et al, Nucl. Instr. and Meth. 193, 401 (1982) 

J. Arianer et al, Nucl. Instr. and Meth. 198, 175 (1982) 

B. Feinberg et al, Nucl. Irstr. and Meth. 203, 81 (1982) 

I. G. Brown and B. Feinberg, lBl-16565; accepted for publication in 

Nucl. Instr. and Meth. 

A9. Taken from Report SFEC T10, (1982), Saturne Group, Saclay, France. 

A10. W. lotz, Zeits. fur Phys. 216, 241 (1968) 

All. Private communication, Rich Dawson, Hughes Electron Dynamics 

A12. Eg: P. Kirsten et al, Space Charge Flow, McGraw Hill, NY, 1967 

p. 153 ff. 

A13. M.C. Vella, Nucl. Instr. and Meth. 187, 313 (1981) 

- 49 -



Fig. AI. ( a) 

(b) 

Fig. A2. 

Fig. A3. 

Fig. A4. 

Fig. A5 

FIGURE CAPTIONS (APPENDIX) 

EBIS schematic showing electron gun and collector, 
drift tubes, and solenoid. 
Drift tubes axial potential distributions for ion 
injection, trapping and expulsion. 

Schematic of the BEBIS test stand. 

Photograph of the BEBIS test stand. 

jt necessary to produce various charge states of 
uranium, as a function of electron beam energy. 

Same as Fig. A4, for Xenon. 
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