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INTRODUCTION 

BEAM FOIL SPECTROSCOPY OF HEAVY IONS AT ENERGIES FROM 20 TO 238 M ~ V *  

K. W. Jones 

Brookhaven National Laboratory, Upton, New York 11973 

RdsumB. Les spectres faisceau-feuilles avec des faisceaux 
de Ti, Cu, Ni, Br, Mo, I, W et Au ont ete etudies dans le 
domaine des longueurs d'onde de 5 a 60 nm pour des energies 
de faisceau allant de 20 h 238 MeV. Les problemes relacifs 
aux mesures des temps de vie de certains etats ont bt6 aussi 
etudi6s. 

Abstract. The beam foil spectra of beams of Ti, Cu, Ni, Br, Mo, 
I, W and Au have been surveyed in the wavelength region 5 to 60 
nm for beam energies ranging from 20 to 238 MeV. Problems in- 
volved in making lifetime measurements for selected states have 
also been investigated. 

high temperature plasmas in stars, by lasers, or in 

Tokamak type devices. The beam-foil experiments 

Experiments in beam-foilspectroscopyhave with the ability to measure lifetimes and easily 

now been goingon for some twenty years and a great control charge states should be very useful in ex- 

wealth of information has been obtained. The use tending and.complementing the resu12 from these 

of highly ionized ions has been in the past con- other sources. The excitation mechanism for the 

fined to relatively light ions by the low energy beam foil source which involves many collisions of 

ion beams produced by the accelerators available the ion with electrons as it traverses the foil in 

.for this work. Work on elements with atomic num- a time short compared to de-excitation *times should 

bers greater than about twenty was for the most 

part restricted to the study of only low states of 

ionization. Within the past ten years the experi- 

mental situation has started to change with the 

advent of new or improved machines for production 

of higher energy heavy ion beams. Prominent ex- 

amples are the linear accelerators at Berkeley and 

Darmstadt and the M P  Tandem Van de Graaff accel- 

erator. In the future one can anticipate further 

progress with the operation of 25 MV tandems at 

Oak  id@ ,and Daresbury and the heavy ion cyclo- 
tron, GANIL, to mention only a few. While the cre- 

ation of the ultimate machine which will give ug2+ 
'ems far away, it is clear that we are on the c,? 

threshold of a q~lalitative and excitinn increase 

in the scope of experiments covered by the beam- 

foil technique. 

The,new data which can be obtained will 

be of interest for its own sake and should give 

unique results for comparison with theoretical 

calculations of wavelengths, lifetimes, and other 

effects. However, we see also that there are pres- 

ently many experiments which will make possible 

interesting comparisonswithspectra produced in 

produce more complex configurations than those pro- 

duced in the relatively less dense plasmas. The 

beam-foil excitation should thus also be a unique 

source of spectroscopic information on complex con- 

figurations produced by many electron excitation. 

The experiments that are described here . 

were undertaken to survey the spectra of medium 

and heavy elements that could be produced by the 

Brookhaven National Laboratory (BNL) Tandem Van de 

Graaff facility for wavelengths less than about 50 

nm. The work was started in 1975 in collaboration 

with S. Bashkin and 3.  A. Leavitt from Arizona and 

since then has involved a number of additional 

people at various times. A full list of partici- 

pants is given in Table I. 

EXPERIMENTAL METHODS 

The experiments were carried out at the 

BNL Tandem Van de Graaff facility. This facility 

comprises two High Voltage Engineering Corporation 

FlP ?lode1 Tandem Van de Graaffs which can be oper- 

ated in normal 2 stage manner or in a three stage 

mode where the first machine is run negative and 



Table I - Par t i c ipan t s  i n  Beam-Foil Spectroscopy 

Experiments a t  Brookhaven National  

Laboratory 1975-1978 

Name - A f f i l i a t i o n  

S. Bashkin Universi ty  of Arizona 

J. A. Leav i t t  Universi ty  of Arizona 

J. L. Cecchi Plasma Physics Laboratory, 
Princeton Universi ty  

T. H. Kruse Rutgers Universi ty  

D. J. Pegg Universi ty  of Tennqssee and 

P. M. Gr$ffin Oak Ridge National Laboratory 

D. J .  Pisano Brookhaven National Laboratory 

B. M. Johnson Brookhaven National Laboratory 

K. W. Jones Brookhaven National Laboratory 

produces a beam of negat ive ions  which a r e  used t o  

i n j e c t  the  second machine. Higher p a r t i c l e  ener- 

g i e s  a r e  obtained not only becauseof the  add i t iona l  

energy of th'e in jec ted  negat ive ion beam, but  a l s o  

because s t r i p p i n g  t o  a p o s i t i v e  ion i n t h e  terminal  

of the  secondacce le ra to r  i s d o n e a t  a higher  energy 

with a r e s u l t i n g  inc rease  i n  the  average c h a r ~ e  

s t a t e  of t h e  beam and a g r e a t e r  energy gain i n  the  

l a s t  acce le ra t ion .  The heavy ions a r e  produced 

with a s tandard s p u t t e r  source [11 located i n  t h e  

high vol tage terminal  of the i n j e c t o r  acce le ra to r  

f o r  th ree  s t a g e  work o r  i n  the laboratory f o r  two 

s tage  work. Operating terminal  vol tages a r e  up t o  

-7.0 MV f o r  the i n j e c t o r  machine and 14.0 MV f o r  

the  second machine. The layout  of the  acce le ra to r  

f a c i l i t y  is shown i n  Fig. 1. 

I n  p r inc ip le  i t  i s  possible  t o  produce 

beams of a l l  elements. In  p rac t i ce  t h i s  can be 

done with a success which depends on the  a c t u a l  

element used. Table I1 l i s t s  the beamswhich have 

ac tua l fy  been accelerated and the  magnitude of t h e  

beam i n  p a r t i c l e s l s e c  a f t e r  momentum ana lys i s .  

Approximately half  t h e  beam i s  l o s t  i n  t rans-  

mission through co l l imators  before impinging on 

($he f i n a l  t a r g e t .  

There a r e  two p a r t i c u l a r  problems evident 

i n  the  acce le ra t ion  process which bear  on the  ex- 

periments. F i r s t ,  i t  is des i reab le  t o  use f o i l s  

f o r  s t r i p p i n g  the beam s i n c e  the r e s u l t i n g  aver- 

age charge s t a t e  i s  higher than when a gas i s u s e d .  

There a r e  r e s t r i c t i o n s  on the use of f o i l s ,  how- 

ever ,  because of shor t  f o i l  l i f e t i m e s  and the f i -  

n i t e  number o f f o i l s  tha t  can be placed i n  the t e r -  

minal of t h e  acce le ra to r .  We have found £011 

l i f e t i m e s  of only a few minutes when using Wolfram 

beams so t h a t  i t  was uecessary t o  use gas s t r i p -  

ping and accept  lower beam energies .  The second 

~ r o b l e m  i s  evident  from Table 11: thebeamcur ren t s  

a r e v e r y  low,andl ight intens i tycangenera l lybe  ex- 

pectef i tobeweak forany beam-foil experiment. 

. 1-336-65 
w0.- 

Fig. 1 - Layout of th ree  s t a g e  tandem Van de 

Graaff f a c i l i t y  a t  Brookhaven National 

Laboratory. 

Table I1 - TypicalBeams Produced by BNL Tandems. 

The maximum ion energies  which can be 

achieved with our acce le ra to rs  a r e  i n  t h e  range of 

100-250 NeV. The a c t u a l  energy is,  of course,  not 

of a s  much i n t e r e s t  t o  us a s  the  degree of ioniza-  

t i o n .  This is shown a s  a funct ion of atomic num- 

ber i n  Fig. 2. The curves show the values f o r  the 

BNL tandems, 5 MV and 25 MV tandems, the  GSI and 

GANIL. It can be seen t h a t  the  machines chat  a r e  

now o r  w i l l  soon be a v a i l a b l e  make poss ib le  inves- 

t i g a t i o n s  i n  a l a r g e  region of charge s t a t e s  not  

previously access ib le .  

The a c t u a l  experimental arrangement t h a t  

we have used is simple. The beam is col l imated 

with a 3mm aper tu re  and then passes  through a 

carbon s t r i p p i n g  f o i l  and i s  f i n a l l y  co l l ec ted  i n  

a Faraday cup 4 20 cm from the  spectrometer en- 

t rance s l i t s .  The spectrometer is a 2.2 m grazing 

incidence spectrometer [21 posi t ioned a t  90' t o  



the incident bed with the entrance slits approxi- 

mately 4 cm away. In this geometry entrance and 

exit slit widths of 300 um give a viewing length 

on the beam of less than a millimeter. For most 

of the survey work reported here the grazing angle 

was 87O, and 300 glmm gold coated grating with a 

blaze angle of ~ ~ 1 3 '  and, hence, a blaze wave- 

length of 29.0 nm was used. A hollow cathode 

source is used to produce the He Lyman series 

lii~cs from 110 I1 for calibrarinn o f  the wave- 

length scale. With 300 um slits which were' used 

for much of this work the resolution (full width 

at half maximum) was O,L) nm with an estimated un- 

certainty of ? 0.01 nm. The exact angle of obser- 

vation was determined from the second order Dop- 

pler shift of the 25.666 nm line in S XIII. The 

W radiation was detected with a channeltron de- 

tector [31 with a dark current counting rate less 

than 0.2 'HZ. Lifetime data was taken by moving 

the exciter foil in typically 2.5 um increments 

with a stepping motor. Spectral scans were also 

made hy r~se o f  a s t e p p i n g  motor programmed to move 

the detector in preset increments. In both cases 

the data was stored directly in a computer ready 

for further analysis. Most of the lifetime data 

was analyzed using the program HOMER [41. 

3s-3p TRANSITIONS IN Ni, Cu, AND Br 

Study of the resonance transitions in Na- 

like ions has been extensive, at least in part be- 

cause the simplicity of their electronic strllcrilre 

makes them a suitable testing ground for theoreti- 

cal and experimental methods. Theoretical calcu- 

lations have been made recently by, for example, 

Laughlin et al. [51, Froese-Fischer [61, Weiss [71 , 
and Kih;'and Cheng [81, and Cowan [91. Crossley et 

al. [lo] have pointed out that experimental life- 

time determinations can be affected by long-lived 

i kast cascades. Experimental values have recently 

been summarized by Wicoc and Younger [Ill. 

Our measurements have extended the range 

of experimental work through Ni, Cu, and Br. Some 

, initial measurements on Cu have been reported 

earlier [12,131. The experiments showed a strong 

field-free intensity modulation in the decay 

curves of the h1/2-3%112 transition whose origin 

was unknown. Further experiments with nickel 

where the nuclear spin is zero and with bromine 

where nuclear and electronic spins are identical 

to the cul'+ case also exhibited intensity modula- 

tions. 

To illustrate the results that are ob- 

tained for these elements the case of ~i~~~ can be 

taken as typical. 4, scan of the spectral region 
8-1185-78 
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Fig. 3 - Spectral scan in region of 3s-3p transi- 
tions in ?4i17+ at a beam energy of 

64 MeV. 



. . 
from 20-35 nm is shown in Fig. 3. The lines of 1 such experiments may consider the possible influ- 

2 2 
interest and, the P- D feeding transitions are 

ence of a continuous background radiation under 
prominent. Lifetime measurements are shown in the line as well as effects caused by the use of 
~ig. 4. Intensity modulations can be clearly seen, 

, external electric and magnetic fields. 
. - .  

similar to those observed for copper and bromine. 

The observation of the effect for a spin zero nu- 

cleus rules out the possibility of a hyperfine in- 

teraction as a source. A typical fit to the data 

is shown in Fig. 5 where the contribution from the 

40' 1 I , 
0 2 . 4  6 8 (0 ( 2 .  

Fig. 4 - Decay curves for J = 1'12-112 and i/2-312 

transitions in ~i''+ showing total- 

intensity modulations for both transitions 

. . 

FOIL ZERO 

' -  r. =0.054 nsec 

DISTANCE (rnrn) 

Fig. 5 - Fit to decay curve data of J = 112-112 

transition. A long-lived component has 

been subtracted. The Influei~cr of the 

feeding transition is also shown. 

long lived yrast cascades has been subtracted. 
Table I11 - Radiative ~ifetimes and Oscillator 

The contribution of the growing-in cascade from 
Strengths in Ni XIlIII 

the 2~y,2r2~3,2 transition is clearly visible. 
Values of lifetimes and oscillator 

strengths from these experiments are in quite good 

[igreement with the theoretical calculations of 

Weiss [ 7 1 ,  Kim and Cheng [ a ] ,  and Cowan [91 and C I , . . ~ ~  of ~ ~ I I I . ~ V  s t - t l ~  
w..o~L"lt+.&) T r m l t l m  m r  l r r r l ~ p l ~ ~  ~rnmc mmn 

indicate a general reliability of about * 10%. 
-- 

The values are given in Table I11 for nickel as xn .76  3s1~11, - D$yl 131 : I' 0.118 - 0.011 0 . 1 1 3 ~ .  o . l l sb ,  o . l l l C  

an illustration. Similar agreement has been found 191.00 s l I  . 1 0 . 1 1 1  0.131 1 o . i u  o.&. o.lssb. O.I& 

131.m 3p1pyl - Y $ ~ , ~  U : 7 ' 0.187 - 0.010 0 . 1 2 6 ~ .  0 . l l P  

for copper and bromine. The total intensity modu- 

lations that are observed in the decay curves re- a. ""*~-"=* 
b. I.f.rn~. 8 

main as an intriguing puzzle in these experiments. c. aere..mc. v 

Further experiments on the effect are planned. 



SURVEY OF 98~0 SPECTRA FROM 22 TO 200 MeV 

The study of radiation emitted by highly 

ionized molybdenum has practical interest and ap- 

plication because of its widespread use as a con- 

struction material in Tokamak fusion devices. The 

use of beam-foil experiments for study of these 

states is attractive because of the flexibility in 

the choice of charge states and the possibility of 

measuring lifetimes. On the other hand more states 

will be excited than in plaomao, and the compari- 

son of the spectra will be difficult. Recent ex- 

periments have used a spark source [12,131, laser 

97 MeV 2 3  1 

loo!, 

98 Fig. - Survey of 42M~ spectra for mean charge 
states between 13 and 28. The beam en- 

ergy used to produce each charge state is 

shown on the figure. 

source [I41 and direct observation of Tokamak plas- 

mas f15.161 for measurements on many charge states. 

Ultimately, information on states up to about Mo +38 

will be useful as the electron temperatures obtain- 

able in Tokamaks are increased. 

Our experimental results are shown in - 
Fig. 6. The mean charge states, q, range from 13 

at 22 MeV to 28 at 200 MeV. At a given energy the 

charge state intensity distribution can be approxi- 

mated by a Gaussian with a full-width at half- 

maxlml~m of about 4. The spectrum at a given en- 

ergy thus contains sizeable contributions from a 

number of charge states, and identification of 

particular lines with particular charge states is 

not clear. The beam-foil excitation mechanism can 

also reasonably be expected to excite multi- 

electfon configurations which are not excited in 

the same way by other sources. Comparison of the 

beam-foil induced spectra with those from Tokamaks 

or other sources'should thus be of use in picking 

out these more exotic states. lknsfield et al. 

[I41 have emphasized the importance of inner- 

subshe l l  excifition for the case of Mo in particu- 
lar, and for heavy ions in general. 

The spectra shown in Fig. 6 show that as 

the mean charge state of the ion is increased 

there is a rather striking shift in intensity from 

longer to shorter wavelengths and an accompanying 

decrease in complexity. At the lowest energy the 

4s - 4p resonance lines of Mo XIV have been iden- 

tified by Hinnov at 37.3 and 42.3 nm and, indeed, 

rather strong lines can be found there in the 

spectrum ohown for a bombarding energy of 27. MeV 

where Mo XIV is produced strongly. Rather de- 

tailed comparisons can be made with the theoret- 

ical and experimental results of Curtis et al:[121, 

Cowan [91, and Mansfield et al. [141. This work 

is in progress, and the results will be presented 

elsewhere [171. 

STUDY OF RESONANCE STATES IN COPPER- AND ZINC-LIKE 
127 
- 5 s  

We have also made measurements 1181 of'the 

spectra produced by iodine beams with energies of 

65, 75 and 85 MeV shown in Fig. 7. The scan from 

10 to 60 nm at 85 MeV shows the general features 

of the spectrum. At this energy the mean charge 

state is 23.6 so that lines from copper- andzinc- 

like states should be important. Three 'of the 



Fig. 7 - Spectra taken at 65, 75, and 85 MeV show- 
ing tho copper- and z i , ~ r - l i k e  raaonAnce 

lines of iodine. 

strongest lines are 18.61 and 24.43, and 17.4 nm 

which are resonance lines in copper- and zinc-like 

iodine, respectively [191. The intensities for 

the transitions were large at 75 WeV where the 

mean charge state is 22.5 and thus close to the 

maxima for the zinc-1ike.and copper-like series. 

The above wavelength values are in good agreement 

with the extrapolations of 18.37, 24.32, and 17.44 

nm given by Hinnov [191. 

These lines are strong and seem well 

enough isolated to make blending relatively unim- 

portant especially if judicious spectrometer set- 

tings are used. Preliminary lifetime measurements 

were therefore made on the copper-like lines at 

75 MeV. The results are shown in Figs. 8 and 9. 17 
!-,,Values of 35 ps for the.18.61 nm and 57 ps Eor 

che 24.43 nm lines were fuulld by use of the pro- 

gram HOEER [4]. These preliminary lifetime val- 

ues lead to oscillator strengths of 0.16 and 0.29 

for the 112-112 and 112-312 transitions, respec- 

tively, some 30% lower than theory (71. This re- 

sult is in agreement with earlier work summarized 

by Wiese and Younger [Ill. 

dl.- Imml 

2 2 Fig. 8 - Decay curve of 4s SlI2-4p PgI2 transition. 
The lifetime obtained and calculated fits 

to the data are shown. 

8-1533- 78 

2 2 
Fig. 9 - Decay curve of 4s SlI2-4p PlI2 transition. 

The lifetime obtained and calculated fits 

to the data are shown. 

SPECTRA OF WOLFRAM AND GOLD 

The spectra of wolfram and gold have been 

of some interest in Tokamak experiments because of 

their use as construction materials and resulting 

appearance as contaminants in the plasma. Measure- 

ments of the W spectrum have been made in the re- 

gion up to 8 nm by Isler et al. [201 at Oak Ridge 

and by Hinnov and Mattioli [21] at Princeton. Theo- 

retical calculations oE the very complex spectra 

expected for highly ionized wolfram have been made 

by Cowan 191. For the electron temperatures at- 

tained at ORMAK and PLT it should be possible to 

produce up to about w+~I. For our maximum beam 

energy of 167 MeV for wolfram, it is possible to 

produce w'~~; at 238 MeV for gold, it is possible 

to prod"ce AU'~', isoelectronic to the wolfram ion. 

The beam-foil technique can thus span all the 



charge states of W or Au now seen in Tokamaks with 

the variable energy beams available from Tandem 

accelerators. 

We measured (221 the wavelength range 
+" 33 and the correspond- from 4 to 8 nm for W 

ing isoelectronic charge states in Au. These.re- 

sults are shown in Fig. 10. The spectra for the 

two elements are very similar with the gold fea- 

tures appearing at shorter wavelengths. Theshift, 

ranging from 0.7 to 1.0 nm, is in agreement with 

theoretical predictions [Zl]. Cowan [91 has 

pointed out that many states will contribute to 

the wolfram spectrum in this range and indeed it 

can be seen in Fig. 10 that we are not able to re- 

solve individual lines in this experiment. From 

comparison of the charge state dependence of the 

spectra with theoretical predictions of Cowan ten- 

tative assignments for the bands observed in the 

wolfram spectrum can be made: 5.1 nm, 4d-4f; 5.9 

nm, 4d-4f, 4f-53; 6.9 nm, multiply excited 4£ or 

4d states caused by excitation of 4d or 4p sub- 

shells. 

Lifetime values or oscillator strengths 

for these states are of importance fordetermining 

2-1022-78 
. -.- . -  

I nu 161 MeV a .33 4 

Fig. 10 - Spectra obtained for wf20 to W+33 and 
the isoelectronic ions *uf2' to Au 

+38 

are shown for the wavelength region from 

30-80 g. 

radiation losses in plasmas caused by them. The 

lifetimes are expected to be rather short [91, 

around 1 ps for electric dipole radiation, and mea- 

surements by the beam-foil method may be difficult 

because of the finite spatial resolution of the 

spectrometer and the effects of cascades-. Measure- 

ments for a single state may be impossible, and it 

might be necessary to compare averages of theoreti- 

cal predictions over many states with the corre- 

sponding experimental result. As a first step in 

the attack on'this problem, we measured the decay 

curve for radiation produced at 6.1 nm for wolfram 

at 50 MeV. After subtracting the contribution 

from long-lived cascades, the lifetime of theshort- 

lived component was determined to be about 50 ps. 

This can be taken as an upper limit on the true 

lifetime of the states convoluted with the effects 

of the finite spatial resolution of the spectrom- 

eter and unresolved cascades. 

CONCLUSIONS 

It has been shown that reliable data can 

be obtained for spectral scans in the wavelength 

region from 5 to 60 nm for beams from nickel to 

lead and at energies up to 238 MeV even with the 

relatively weak beam intensities which can pres- 

ently be obtained from tandem accelerators. Life- 

time results in agreement with theoretical calcu- 

lations have been obtained for long-lived states 

of simple configurations. 

In the future, as has been pointed out by 

Bashkin et al. [231, it will be important to use 

position-sensitive detectors to improve the data 

acquisition rate and thus make possible spectra 

with better statistics and resolution. IJhether 

it is possible because of cascading problems to 

obtain reliable lifetime data in the region around 

1 ps for heavy elements, such as wolfram, remains 

an open question. 

The work described here was greatly aided 

by the technical assistance of Mr. George Hummer 

and the excellent accelerator operation provided 

by Dr. P. Thieberger , Mr. R. L. Lindgren and 
the rest of the tandem operation group. 



REFERENCES 

[l] General Ionex Corporation, Ipswich, Massa- 

chusetts 01938. 

[2] Minuteman Laboratories, Acton, Massachusetts 

01720 

Galileo Electro-Optico Corp., Sturbridge, 

Massachusetts 01518 

D. G. Irwin and A. E. Livingston, Comp. Phys. 

Corn. 1, 95 (1974). 
C. Laughlin, M. N. Lewis and 2. J. Jorak, 

Ap. J. 197, 799 (1975). 
C. Froese-Fischer, Can. J. Phys. 56, 1465 
(1976). 

A. W. Weiss, J. Quant. Spectrosc. Radiat. 

Transfer 18, 481 (1977). 
Y. K. Kin and K. T. Cheng, private cmuni- 

cation. 

R. D. Cowan. Los Alamos Scientific Labora- 

tory Report LA-6679-MS. 

R. J. C. Crossley, L. J. Curtis, and C. 

Froese-Fischer, Phys. Lett. B, 220 (1976). 
W. L. Wiese and S. M. Younger, Vol. 2, p. 

951, Beam Foil Spectroscopy, Volumes 1 and 

2, I. A. Sellin and D. J. Pegg, editors, 

New York, Plenum Press, 1976. 

L. J. Curtis, A. Lindgard, B. EdlGn, I. 

Martinson, and S. E. Nielsen, Phys. Scripta 

16, 72 (1977). - 
E. Alexander, M. Even-Zohar, B. S. Fraenkel, 

and S. Goldsmith, J. Opt. Soc. Am. 61, 508 
(1971). 

M. W. D. Mansfield, N. J. Peacock, C. C. 

Smith, M. G. Hobby, and R. D. Cowan, J. 

Phys. B 2, 1521 (1978). 
J. L. Schwob, H. Klapisch, N. Schweitzer, 

M. Finkenthal. C. Breton, C. De Michelis, 

/and.M. Mattioli, Phys. Lett. e, 85 (1977). 
E. Hinnov, Phys. Rev. A 14, 1533 (1976). 
B. M. Johnson, K. W. Jones, J. L. Cecchi, 

and T. H. Kruse, Fifth Conference on the Use 

of Small Accelerators in Research and In- 

dustrial Applications, Denton, Texas, 

November 6-8, 1978, and to be published. 

P. M. Johnson, K. W. Jones, T. H. Kruse, 

and J. L. Cecchi, Proceedings of the Topical 

Conference on Atomic Processes in High 

Temperature Plasmas, Knoxville, Tennessee, 

February 16-18, 1977. 

E. Hinnov, private communication. 

[201 R. C. Isler, R. V. Neidigh and R. 0. Cowan, 

Phys. Lett. m, 295 (1977). 
[21] E. Hinnov and M. Mattioli, Phys. Lett. m, 

109 (1978). 

[22] B. M. Johnson, K. W. Jones, J. L. Cecchi, and 

T. H. Kruse, to be published. 

[23] S. Bashkin. J. A. Leavitt, D. J. Pisano, 

K. W. Jones, P. M. Griffin, D. J. Pegg, I. A. 

, Sellin, and T. H. Kruse,.Nucl. Instrum. and 

Methods 154. 169 (1978). 
* 
Work supported by the Division of Basic Energy 

Sciences, U. S. Department of Energy, under Con- 

tract No. N-76-C-02-0016. 




