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ABSTRACT

Eléctrons were stripped from accelerated oxygen and necon ions by
passing them through a gas. Magnetic deflection was used te select the
energy and charge of the incident ions and _t_b determine the distribution
of ionic charges in the stripped beam. As the amount of gas that the ions
passed through was increased, the pe.ék of the -c;harge distributiens first
shifted toward highér charge states and then becanie constant as equilibri-
um was established between capture and loss of electrons. At equilibrium
in argon the charge distributions wer'é bell-shaped,. with a width of 1.8
charge states gt half maximum; the average ionic charges for 3. 3—, 6? i-,
and 8. 7-Mev O ions were 3.5, 4.8, and 5. 2, respectively, and for 3.1-,
7.1-, and 10.3-Mev Ne ions 3.3, 4.9, and 6.0, respectively. |
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INTRODUCTION

The state of ionization of oxygen and neon ions passing through gases
with a few Mev kinetic energy has been measured. The main incentive for
this work was to test the feasibility of using gas stripping as a source of
highly charged ""heavy" ions for injection into the heavy-ion linear acceler-
ators that are being constructed at the University of California Radiation
Laboratory and at Yale University. . It was hoped that this test program
would reveal the ion velocity necessary to. produce the desired charge
states, the number of atoms/cm2 of gas in the stripper necessairy to reach
an equilibrium distribution of charge states, and whether or not some .gasevs
produce appreciably higher charges than others. |

. Considerable information is available on the capture and loss of elec-

trons by protons and helium ions passing through matter. ! Lassen has

‘measured the average charge of fission fragments passing through solids

and gases, and theories for the capture and loss of electrons by fission

fragments have been worked out by Bohr, 3 Be?l‘ll;4 and Bohr and Lindhard. >

Measurements of the state -of ionization of accelerated nitrogen ions emer -

ging from thin foils have been pubilished during 1954 by Reynolds, Scott,
and Zu.:cker;6 ‘Reynolds and Zuclde:‘ré,._'7 and Stephens and Walker. 8 Very

little information is available however, on the stripping in gases of ions in

.the mass region near oxygen and neon.

, - EXPERIMENTAL PROCEDURE

The 4-megavolt Van de ‘Graaff, which is normally used to inject
protons into the UCRL 40 -foot linearv accelerator, was used‘to accelerate.
oxygen and neon ions for this experjmenﬂ;a “The ions were made in the‘__r'egulér

proton source by supplying oxygen or neon instead of hydrogen.  Figure 1l

is a plan view of the accelerators and the auxiliary equipment used. The
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ions formed in the ion source were accelerated in the Van de Graaff.colium\n,

coasted through the linear accelerator. (w.ith the rf turned off), passed

through the gas stripper, were ‘deﬂecte,dvthrbugrh 120;60['.by the ‘analyzing

magnet, and finally were detected in a stationary Faraday cup. The stripper, .
shown in Fig. 2, was similar to one used by Herb et al. 9 to strip He ions.

It consisted of a stainless. steel tube _i/8-inch in inside diameter and 20
.iriches.long. The tube was. suspended in a vacuum chamber on Wilson seal
rods with offset connections so that it could be aligned with the beam. Gas
could be admitted from a flexible tygon hose connected at the center of the
tube. A diffusion pump connected to the. va;:uum jacket maintained a pressure
of a few hundredths p Hg at the ends of the tube. A McLeod gauge was used
to measure the pressure at the center of the tube and ion gauges read the
pressure in the vacuum jacket of the stripper and in the linear accelerator
tank.

When oxygen or neon was used in the ion scurce it was found that not
only singly ionized ions came out of the Van de ‘Graaff, but doubly and triply
ionized ions as well. Ions that emerged from the accelerating column
with a particular charge had a continuum of energies extending down from -
the energy which an ion of that charge would gain by falling through 4 mega-
volts. The origin of the energies that are not integral multiples of 4 Mev
is thought to be change of charge of the ions due to collisions with gas atans
in the column. The column of this Van de Graaff is pumped from the exit -
end only and is estimated to contain 70 g-cm of gas, which is sufficient
to produce the distribution ef charge states cbserved. The steering magnets
between the Van de Graaff and the linear accelerator can be adjusted so
that only ions of a single charge state and a narrow range of energies en.tér
the stripper.

The proc.édu're in making runs was as follows: the leak rate intc; the
center of the tube was set to prdvide the desired pressure; then the current
received by the Faraday cup was plotted as a function of the analyzing-
magnet current while the beam energy and current were held constant. The
magnet current was swept slowly and continuously by hand, and the 6utput S
vqolt'age of the electrometeér connected to the Faraday cup was plotted vs Iy
magnet current on a Speedomax x-y recorder. Figure 3 gives an example
of the spectra due ’i:o 6.9-Mev Ne+2 ions with various pre:lsisure]s in the

a

stripper. The peaks represent ion currents of about 10 mp. The

charges cojr.r'esp'dnding to the peaks in a monochromatic spectrum could



-5- UCRL. 2778

be identified because the fields were inversely proportional to.the charges.
After identification of the ¢/m of a peak, its energy was determined from.
the magnet current, the magnetization curve of the magnet, and -a cali-
bration point obtained by observing the current requiréd to. deﬂe_ct 31. 5-
Mev protoﬁs through the same -angle. _ v _ ,

In agreement with theory, no sig.nificant llosé in kinetic energy by the
ions due to passing through the gas was observed (i.e. the loss was less
then 1%'). v ' .
'~ To obtain the distribution in charge states for a°spectruﬁ19 . thé peak
amplitude of the current in each charge state was divided by its charge
number to obtain the relative number of ions per second, or the '"ion cur-
rent'." Each ion current was then divided by the sum of the ion currents:
to give the fraction of the ions in that charge state.

) 'T6 correct for fluctuations in the i'nc‘ide:n_f—beam ‘current _.du‘ring' the
pl'otting ~of a spectrum, three spectra were taken under each set of con-
ditions, and the fractional ion currents quoted are the averages of the -
three values. In some cases the ions under -investigation could not be
separated completely from the other components of the Van de Graaff beam -
with the.s,teering magnets. In these cases the maximum pc»ssible systém-
atic error in subtracting ‘unwanted components from a spectrum has been’ 'b
added to the rms deviations from the average of the three runs to obtain -
the experimental uncertainties quoted. It was assumed that the relative
heights of the peaks were not affected by multiple scattering in the gas.
This is in agi'ee\mvent with theory and with the observed line widths. Since .
theory indicates that multiple scattering in the gas is nearly ihdepe‘ndent
of ionic charge and no dependence upon ionic charge was observed.

The readings of the pressure gauges were ﬁsed to calculate the num-
ber of aftori‘xc/’crn2 of gas that fhe beam passed through before entéring the
analyzing magdet., For the lower pressures used the flow in the tube was
mdlec_’:uléf, and the pressure fell linearly from its value at the center to
that at the ends of the tube. For higher pressures in the transition region
between molecular and viscous flow, Knudsen's empirical equation was uséd
to correct the molecular-flow calculation. This correction increased the
calculated number of atorris/erriz in the tube by 1% when the pressure at
the center’ of thé,-tube was 40p Hg and by 4% when the pressure at the center

was 80y Hg. The residual gas in the linear accelerator and the mercury
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vapor in the stripper tube from the untrapped McLeod gauge caused some
stripping even when. no gas was admitted to the tube. Tﬁé .errors indicated
in the number of atorns/c,rn2 include 'the uncertainty from the mercury .
vapor pressure and the linear accelerator pressure as well as the uncer-

tainty the McLeod gauge readlngs

RESULTS _

Figure 4 shows' the distribution in charge states of 8. 7-Mev oxygen
ions v the number of aztorhs/crn2 of argon gas that the beam has penetrated.
These ions entered the gas as 0+3 ions, As the.gas pressure was increased
the distribution at first shifted toward higher charges and eventually approach-
ed an equilibrium distribution that did not change with further increase.in
pressure. 40 p Hg lpressﬁr‘e at the center of the 50 cm tube or about,lO3
p-cm or about 3.5 x '1016 atoms/cmz, brings each of the charge states to
within 1% of its final equilib;"ium current. There is no evidence for charge
exchange due to collisions with the metal tube \ﬁ;al'l, but we cénnot' rule Ao,ut'
the possibility that as many as 10% of the original 0+3 ions were changed to
higher states by this process. |

_ The equilibrium distributions in argon were found for oxygen‘ions of
three different energies and for neon ions of three different energies. These
‘data are summarized in Figs. 5 and 6, respectively, where the fraction of-
ions in each charge state is pdotted vs the.charge. In this energy range
smooth curves drawn through the points indicate' a roughly symmetrical
bell-shaped distribution.. Changing the energy shifts the whole curve
without appreciably changing its shape or width. The 8. 7-Mev oxygen
distribution illustrates an exception to this rule. If this distribution were
symmetrlcal there would be about 5% 0 +7 5 ions; actuauy\_?i;cme was ob-
served. This is not surprising in view of the.relatively large binding
eﬁergie:s of the K elecirons.,

. Several different stripping gases were tried to see if some produced.‘

higher charges than others. H .He, N , and A gases were compared

using 7.'1-Mev néon icns; | and no mgmﬁcant dlfference w’as 4found betwee PRSP

the equilibrium distributions. NZ’ Kr, and Xe gases were compared, using
a 7. 2-Mev oxygen beam, and again the equ111br1um distributions did not

~differ significantly. However, the number of gtoms/-cm'z._ of stripper gas

required to produce an ' equilibrium distribution decreased as its -Z in-

N

-G

<N
\\ - N
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creased. Lassen has found that the steady-state average charge of fission

fragments in He is about 10% less than'tha;t in-Hnga’s‘,‘Z ' The‘.ex‘perim:ent

reported here does not rule out thé possibility of an effect of this magnitude.

Lassen also observes .fst_ﬁ» 'inc.r.easg of the average charge with increas -
ing gasﬂpre‘ssure,‘ which he atfributes to a contribution to electron ioss of _
excited states with lifetimes c-dmparablé to the time between excitations. He
finds an increase in average charge of about 7% per 10 mm increase in gas’
pressure. In our experiment the'highe.st pressures used were about 0. 1 mm,
so that this effect was not detectable.

Gluckstern has calculated electron- capture and loss cross sectlons

using a modification of Bell's theory. 4 In the f0110w1ng paperlo he .cqmpar'e's

his theoretical results with cross sections deduced from Fig. 4 and with the

equilibrium distributions in charge states given in Figs. 5 and 6.

We wish to acknowledge valuable contributions to this experiment by
many members of the linear accelerator operating crew and of the groups
from Yale Umversﬂcy and from the Radiation Laborat@ry that are de51gn1ng |
the heavy-ion accelerators. _

This work was done under the a,uspicés of the U.S. Atomic Eﬁei-gy

Commission.
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"Fig. 1 Layout of Accelerators and Experi-

mental Apparatus.
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Fig. 2 Cross-sectional View of Gas Stripper.
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ANALYZING MAGNET

Fig. 3 Samples of spectra for 6. 9-Mev Ne+2
ions stripped in argon for pressures of
1, 13n, and 47p at the center of the
stripper tube. The number, of ati)éns/dn
for thesTépressures are 0.3 x 10°°"
1.3 x 10°° and 4.3 x 1010, respectively.
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Fig. 4 Fraction of 8. 7-Mev Oxygen Ions in
Each Charge State vs. the Amount of .
Argon Gas they have Passed Through.
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Fig. 5 The Ordinate is the Fraction of 3.3-,

"~ 6.1-, and 8. 7-Mev .Oxygen Ions in .

Each Charge State After Passing
Through Enough Argon to Produce
Equilibrium Distributions. The

Abscissa is the Charge of the Ions.
‘in Units ‘of the Charge of an Electron.
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