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- ‘Abétract

Estimates héve 5een made of the total ionization cross sections

for thexéoliisiqn of high energy eleétroné with neon, argon and xenon -

atoms and all of their gréundrétate-ionso . The croéé_seétions'wéfe computed
within the ffamewofk of_the Beﬁhe—Bbrn.high-energy-abproximation theory

using the séﬁi—ciégéiéél projection:operator technique of Hahn’aﬁd Watson .
~and the ihdependent-parfiéle model for atoms of Qreen,»Sellin and Zachor.

Both direct'éontinuum ionization and innef shell eXcitation‘followed

by Auger.traﬁéitions ;ere taken‘into'account,' Multiplé-ionization Cross
“sections were’als? estima£ed using experimenﬁél data on electron émissibn
following ejeéfiqn of ipner-shell,eléctrons in the:vdriOus fare gas atoms
.dnd a simplifiéd‘model of Augef vacancy caécading in idﬁs. \Thefcomputed

cross section values were then used in ca1Culations.o% the cumulative
lonization produced by a relativiétié electron»ring'béaﬁ interagtinguinitially
with pressuré pulsés of theivarious gases{A The results obtained, taken together
with brevious'coﬁputatidhs for krypton,«indicate'a progressive increase in the
rélative impoftance of Augef processes ﬁith'increase in 7 such that for

xenbn (and présumably for higher-Z targét atoms), Auger ionization dominates, the
pfoduction rates of most of the_multi-charged ioﬁs(formed in such a system.

’

I. Ihtroduction

In a previous paper,l estimates were obtained of total ionizafion and
multi-ionization high energy-electrdnvcollision cross sections for krypton
and its ground state ions. The computations were motivated by the need for

such information in the design, development and analysis of electron ring



device32’3 and other heavy ion sources utilizing ioﬁ trapping and

N C . . 4
ionization by successive electron 1mpact.’5

The total cross sections (for ejection of one or more electrons) ,

6,7 high energy

were computed within the framework of the Bethe-Born
approximation theory using the semi-classical projection-operator technique

of Hahn and Waﬁson6’9 and the independentbpafticle'model (IPM) atomic
10 |

potentiai due to Gfeen, Sellin, and Zachor. Both direct électron ejection
to the‘contiﬁuum ahd inner shell excitation‘followed>ﬁy Augef transitioné
were included in the caldulationé. Multiple-ionization cross sections (for
the production of an ién_of any given ionization stéte from an ion of'any
given lower ionization'state) were estimated utilizing‘measured values of

‘electron loss probabilities for given inner shell vacancies in neutral

kryptonll and a simple nodel of Auger vacancy cascading in ions._l Although

. the technidues employed were highly approximate and the model used for

atoms and ions relatiVely crude, reasonable estimates of the many cross . N

se;tions required for . the calculationrof ionization rates were'computgd

. with relative economy of time and effort. Applicatidn of these resulté

" to a calculation of the cumulative ionization produced by én electron ring
beam in£eracting with a krypton pressuré "puff" indicéted that Auger_processesv
haveva\significant'infiuence'in speeding ug ionization rates in such a system.'

! 9

Moreover,” on the basis of the pre?ious work by Hahn_and Watsbn, it is expected
that the Auger éontribution to ionization will be coqsiderably enhanced for
ﬁigher Z ‘atéms and .ions.

To study this effect in more detail, and-in particdlaf, tﬁ_investigate

.'the'relative importance:of Auger ionization over a rénée of tafget gas
'Z values, computations for neon,~argon,'and xenon similar to those previously'
made in Ref, 1 for krypton'have been undertaken and the'fesults\are reported

"and discussed in this paper.
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II. Calculational Procedures

The‘procedureé used fdr computing the various ionization cross
sections have been described in detail previoiislyl and it suffices here

to outline briefly the approach taken.

N

The energies of the impacting electrons in this work are consildered
to be in the relativistic range and large compared.with the-relevant

electronic ionization potentials 8o that the Bethe Born high energy

approxxmation theory 6,7 is applicable. All-target atoms or ions are

considered to be in their ground state at the time of collisioh° Under

i

. these conditions the total cross section for ionization via direct

transitions te the continuum for electrons of total energy E colliding
with ions in ionization state ZI is given by - . - X
c C o S
.U (ZI’E) = Z g ' S (1)
, nt :
where the sumation is taken over all subshells (n;£), and
2 '
| b
c o] 2 E .2 _c
7ﬁ - B anMn/g Y . (2)

2
— {7 —
°ns = ( aO)_ 2 1a
' nﬂ

Here a_ ='O.529'xilof8 cm is the Bohr radius, a, = 1/137 is the fine-

structure eonetant, B = v/b is the ratio of electron velocity to theIQelocity
ei light, 7y =.( - B ) 1/2, Ahﬂ is an energy parameter of the order of

the ionization potentlal of the (n,#) subshell, g nl denotes the number of
electrons in subshell (n,ﬂ), and Mcz is the square-of the electric-dipole-
transition matrix element summed\over the allowed cohtiﬁpum ievels and averaged

over the initial magnetic substates (electric—dipole:parameter for continuum

ionization).
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Similarly, the total cross section for lonization due to excitation of
inner shell electrons to unoccupied upper bound states followed by

Auger transitions is given by

OTA(ZI’E‘):%; Oﬁﬁ , -l o ) (3) j .

such that IR g a ' \;
- . . - : . ,
2
: Ly L2 , S '
2 o , 2y8E 2 —=Ex _
Tt = (72) Z e | fafarta o ()

nt

f

where Aiz is an energy parameter also of the order of the ionization
potgntiai of the (n,ﬁ) suﬁ-shéll,_ M Ejk-is the corfesponding elect:ic:
dipole paraméter for éxcitation, andl'wn islfhe Auger.factof or'norﬁaliked
probability'that a vacancy in'the nth'shell‘williresﬁlt in a readju?tment
prbcess\in whieh at least one Auger transition will occur between some
pair éfvsubshellg.

~

- The energy parameters Agﬂ and .Aiz are approximated by -

C B : ‘ ' ‘

A ‘=‘ A ﬂ v= Enﬂ ‘ (5)
where 'Enﬂ "are the IPM energy eigenvalués corresponding to subshell (n,ﬂ)
of the ion of ionization state Z;. The procedures for evaluéting the IPM
eigenvalues and the dipole parameters Mgz and ﬁﬁﬁ using the semi-classical

projection operators developed by Hahn and Watson are described in detail

1,9

in previous papers,



'Approximate values of the Auger factors Wd, for neon, argon, and

xenon ions were estimated from measured and theoretical X-ray and Auger
12,13

transition probabilities and yields for neutral'atbms; Listed below

are the non-zero values for Wn ~over the possible range of ionization

states for each of the three species.

neon

argon
Wy =10 0<z; <6
W, = 1.0 o 0<2zZ; <6

Xenon
Wy = 0.9 0<zp <k
Wy = 0.05 - 43 < Zy < 50
Wy = 0.9 R 0 <zj <k
Wy=1.0 Co 0 <2y <2k
Wy, = 1.0 . 0<2zy <6

The multi?ionization cross<section for the’creation of an ion of
ionization state Zp = Zy + § from an ion of lonization state Z; in’

. an electron-ion collision is given by



_W,(ZI:ZF>=K§°§AZI>S%§<J v T o WORNGO

Here Si%(j) is the electron loss probability function which -
gives the probability that, in an electron-ion collision resulting

initially iﬂ the ejection of an inner shéll (n, £) electron to the

continuum, j electrons, including the initially ejected electron,

will be emitted, and Xi%(j) is the corresponding electron—loés

probability function for tﬁe process in which the iﬁner.sheil electron

is initially excited to an upper bound state., These fuanctions are

determined by the probabilities of Auger transitions, electron shake-

off,lu electron correlation effects15

and other sécondary processes
which can lead to electron ejection following the éreation of
vacancies in various atomic subshells., In this treatment, we make
the assumption that the rearrangement following the production of a
vacancy due to excitation to an upper bound state will be the same as
for continuum ionization and, therefore,l
\ Z L Z .

XH3) =5 y(341)) L s k), 350, (7)

k=2 o

vhere L 1is the upper limit on the number of electrons'emitted
following an ionizing collision.

The assumptions and procedures used in deriving the electron 7 .
loss probability functions for neon, argon, and xenon ions are

ssentially those previously discussed in Rei’o l; For each of

the three atomic spécies, the relative ion-abundaﬁce spectra arising
from initial vacancies in the various suﬁ-shells of the neutral as

: . B 11
measured in the photo-ionization experiments of Carlson, et.alo,l



were used to_obtain Sii(j) for ZI'= 0;3- No ién_abﬁndance data

were availaﬁleffo: the valence shell of xenon and, asiin the case of

krypton, we have assumed thaf, for ZI = 0-3, the pfoduction of a vacancy

in the valénce shell gives rise to 85% probability of'oge-electron emission
and 15% probability of two-electron emission. For ‘Zi'>‘3, we have derived
electron-loss probabilities by tracing, for an initiél’vacancy in each

inner subshell,.the dominant vacancy cascadé path, taking into coﬁsideration
the possibility of both Auger and radiative tfansitiéﬁs'with branching
characterized by the values of Auger yields listed above._ In the approﬁimation
used héfe, we have assumed'that the dominant vacancy qascade path corresponds
to an orderly stepwise propagation and multiplication éf holes from shell to
shell such that at each step where an Auger transitipn oCcurs, the Auger
electron is ejected from the same shell as thé electron .which drops to the
loﬁer shell, (Actually, for initial vacancies in. L_'éf higher shells, the.

vacancy cascade is dominated by Auger transitions.) _EXamples of electron

loss probabilities derived ih this way for krypton ions were given in Ref. 1.



IIT. Computational Results and Discussion

A. Total Ionization Cross Sections

Total ionization cross sections for neon, argon, and kenon were
combuted using the method described above.

Plots of the cross sections for direct ionization t§ the continuum,
GC; ionization due to inner shell excitation and subsequent Aﬁger transitions,
JA; and total ionization, UI; for neon, argon, krypton and xenon atoms and
their ground‘staté ions for an electron kinetic energy of 20 MeV are preseated
in Figs. 1-4. The krypton plot, reproduced from Ref, 1, is included in this
series in order to provide a more complete picture of the systematic behavior
of these cross sections with réspect to atomic number of the target speéies.
An examination of these curves strikingly demonstrates the fact, first
pointed out by Hahn and WatSOn,9 that although, for low Z species, direct
continuum ejection is the important ionization méchaniSm,_as Z becomes
larger, the contribution of o* (associated with iﬁnervshell e#citation)
becomes more and more important, and, for high Z, doﬁinates the ﬁotal
ionization cross section over much of the range of ionizatioh states,

(For all four néutrals, however, GC is considerably larger than GA.)
Thus for neon (Z = 10), & s clearly of minor significanée,
whereas it becomes progressively more important with respect to GC for
argon (Z = 18) and krypton (Z = 36). For xenon (Z = 54), it is apparent
that dA dominates the total ionization process in the ranges Zy = 2-6,
Zp =11 - 24 and Zy = 36 - 42. Thus, of, at Zy = 6 is more than 10

times larger,and at Zg = 24, more than 12 times larger than the direct

~continuum cross section. As discussed previously in Ref. 1, the large

A



(orders of magnitude), discontinuous decreases. in P with increase in
Zy result from the elimination of Auger éransitionsvdriginating from
various shells following the depletion of electrons in those shells, whereas
the small increases noted between the breaks-occur because of the opening- -
up of new excitation channels as electrons are removed from previously
filled subshells, |

In Figs. 5-7, the continuum,cross éections for neon, argon; and’ xenon

are plotted again with respect to Z.- along with other estimates of these

I
cross sections based on the extended treatment of Bethe-Born approximation
theory fof hydrogenic atoms and ions by Omidvar andehateeb.l6’l7 In these
additional computations; the various ions are represepted by a hydrogenic
model., The results are quite similar to those observed forbkr;ybpton.l For

all three atoms, aside from the neutral (and the first ionization state in

the case of neon), the hydrogenic estimates are always larger than the present

results, reaching values for some ionization states which are up to three times

higher than those obtained'ig the present study.
For the hydrogenic ions of the three atoms (ZI = 9,17,53 for neon,
argon, and xenon, respectively), however, for which the IFM potential
becomes coulombic and wheré ohe night expect closer.agreement, it is noted
that a reasonable correspondence does exist between the cross section values
obtained in the two sets of calculations. In each qase,.the value obtained
in this study is about 33% smaller than the correSpbnding result of Omidvaf
and Khateeb, where the discrepancies arise from the'approximatiOns exployed in
the preéent calculation as discussed previously.
A check 6f the Hahn-Watson semi-classical projection operator techniqge can

be made by comparing the computed values of the dipole excitation parameter,

—lg , Tor these various hydrogenic ions with the corresponding values obtained
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from the data of Omidvar and_Khateeb, which are given in their anotation by
z; A(l,n’)/l_LZ2 where the sum is taken over all o> 1. The values obtained
gn the present calculation for neon, argon, and xenon ions are 7.53 x 10_3,
2.32 x 10—3,'and 2.58 x 10-4, respectiVely, as compared to the Omidvar
and Khateeb values of 7.1l8 x 10_3, 2.22 x 10-3, and 2,46 x lO'u, which
constitutes agréement of better than 5%.

There appear to be essentially no experimental data with which we
éan compare these cross section results for the various fare gas ions.
However,.some recent experimental information is available on collisional -
ionization of neutral gases by high energy electrons. The total ilonization
cross sections obtained in the present investigation for electrons colliding
‘with atomic neon, argon, and xenon respectively, over the energy range O.0L -
20 MeV are plotted in Figs. 8 to 10 together with the curves obtained from the
high energy studies of Rieke and Prepejchall8 and the kéV electron beam data
of El-Sherbini, et.al.,19 and Van der Wiel, et.al.gO  The experimental cross
section poiﬁts at 10, 12, and 1k keV were obtained from these last two
references by summing.the multiple—charge partial cross sections listed by .
the authors at each energy. For these thrée points, the collision energy is
insufficient, in the case of xenon, for K-shell ionization. However, since
K-shell ionization contributes a very small fraction to the total ionization,

.

and since the dominant interactions leading to ionization occur in the outer
shells with binding energies of at most a few hundred eV, it is assumed
that the Bethe-Born theory has validity for estimating cross sections down '
to this limit.

For neon, agreement with the availéble experimegtal data lies within

15%, and for argon and xenon, within 35%, over the relevant range of

electron energies.



- 11 -

B, Multi-Tonization in the Neutral Rare Gas. Atoms
Van der Wiel, et,al,ep and El Sherbini, etoal.l9 haﬁe, ih a series

of beam experiments, measured-the_cross seetions forethe formation of
different charge states produced by the coliieion of eiectrons (multi-
ionization cross eections) on various rare gas atome fer electron energies
up to 1k keV. ‘As'a partial cheeck on the methods usedai@ our calcﬁlatiohs,

we have therefore eomputed mul ti-ionization cross seetions for neutral ﬁeon,

' argon, and xenen‘atvan electron ehergy of 14 keV, which, in aecerdance

_with our previqﬁs discussion, is considered to be within the realm of
vaiidity of the Bethe-Born formulation., The two setS”Of results at 14 keV are
presented for comparison in Table I, where we have>also inclgded our previeusly
computed values for kryptonl in order to help revealveny Z—dependent,sysﬁematic'
trends in the data. For xenon, gbod'agreement'exists between ﬁhevtwO sets
of valﬁes. Fof krypton and argon a faif'COrrespondeﬁeé.is noted between

.all values except those fpr the higher charge states, .For neon, however,
censiderable differences are observed between the efoss sec%ion values

except for'those.corfesponding to siﬁgle ionizé.tion° In general, the

agreement improves markedly with increase in atomic'nﬁmber. However, two
general trends of disagreement can be discerned. |

Thé first is aseociated with the cross sections for the/production

of higher charée states, Thus for krypton, significaﬁtﬂdifferences oceur
for ionizatioﬁ states 5 and 6 with'the computed valuee‘decreasing much more
fapidly with increase in ionization state fhan the electron beam cross sections.
Similar'behavior is also noted in the argoh and neon'data although in these
cases,'the large reletive.decline in the'cpmputedicrese seetions'first

becemes apparent for Zy = ﬁ. The observed;ﬁigher chafge-states result

basically from the creation of inner shell vacancies-foiiowed by reorganiza~-
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tional processes which lead to additional ionization.’ It is therefore
difficult to isolate the spécific causeé of the observed deviations since
they can arise either because of underestimates of the relevant inner
shell cross sections or because of inadequacies in the electron-loss
probabilities which were derived from pﬁoto—ionizatioh.measurementsll
rather than from data specific to electron collisionél ionizatioﬁo
The second area of disagreement conceras the magnitude of the cross-
section for thé production of the doubly charged ioq relative to that of
the singly charged particle, We note that for neon and argon, these'ratios,
obtained from the cross-sections computed in the present study afe respectively
3.2 and 2.5 times the corresponding ratios obtained from the electron beam
experiments, In this case, the deviations with respect to the electron-
beam data can be attributed directly to the use of the outer-shell photo-ion-
ization-derived electron loss probabilities on the following grounds.
Carlson15 has shown that the relative abundances of doubly-charged
ions that result from photo-icnization in the outer shells of neon and
argon vary considerably with photon energy. In each'case, the relative abundance
increases significantly with increase in energyvfrom the thréshold (for double-
ionization) until it finally levels off at an approximaﬁely constant ratio
above about three times the threshold energy. The outer shell électron—
loss-probabilities used in the present computations were based on these
relatively high energy asymptotic ratios. Ionization by electron cbllision
(at 14 keV) on the other hand, occurs predominaﬁtly with relatively low
values of energy transfer.gl In this range, aécording to the photo-ionization
data, double (and higher multiple) ionization, which are attributed primarily
to electron correlation'éffects, have a smaller probability of occurring.
Thus the relative abundénces of doubly charged lons observed in the electron-

beam experiments can be expected to be smaller than those computed in this study.
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C. Cumulative Ionization Produced by

Relativistic Toroidal Electron Beams

We now:abply tﬁese calculational.procedures to‘fhé problem of computing
the evolution in timé_of charged ion abundances resulting from the interaction
of a relativistic toroidal electron beam with a pressure puff of an appropriate'
rare gas (ion loading in an electron ring device)° _Ih'such a éystem, ions
produced by these collisions are trapped in the potential weli of the ring
and successive impacts by the enérgetié eieétrbns réﬁult in progression
to higher and higher ionization states which, if charge transfér and electfon
recombination processes can be neglected, could lead, in principle. to a
fully stripped ion load, The problem has been treatéd_previously for
krypton using an idealized model for the electfon ring and we'refer to
.Ref, 1 for a diécussion of the assumptions and equations used in this
formulation. In the present study, we have assumed as representative
parémeters: ring volume "V = 102‘cm3, number of ring electrons Ng = 1013,
electron kinetic energy, Eyx = 20 MeV, and ges profile parsmeters T = T =

20 pusec and Pm = 5x 10'8 torr where the function representing the pressure

is given by:

Pt/T, 0Kt T
B(t) = ‘ )
Pyexp(-(+-1)/7), t>7T
s ; 22,23
Calculations by previous investigators of ioq stripping by
an electron ring beam have been based on the aésumptiqn that the only

relevant procesé is the stripping of one electron at a time by direct

continuum ionization, We are primarily interested hefé in studying the
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relative effect of Auger (and chér atomic reorganizational proéesses)
on ionization rates in.such‘a system. We have.tﬁerefore treated the
problem in two ways for each atom considered. In the first, multi-
ionization cross sections were estimated using Eq. (4) and the time
dependences of the trapped ion abundances in the electron ring were
computed; In the second, thé time dependences weré‘calculated considering
only direct single-electron continuum ionization,

In Figs. 11 and 12, are shown, for xenon ahd argon, respectively,
the time dependences of the ion abundances for severalbrepresentative ion
charge states, namely, Z. =1, 7; 17, 30; L and Sk (fully stripped ion)

I

for xenon, and Z_ = 1, 4, 8, 13 and 18 (fully stripped ion) for argon.

I
The solid curves correspond to the computations where only continuum
ionization ié considered, whereas the dashed curves represent the case

where Auger processes are also computed, Clearly for xehon, Augeflprocesses
ﬁrovide the dominant contribution to the ionization rates associated with
the production in an electron ring of most of the charge states. Thus in
Fig, 11, all of the charge state peaks shown except for Zr =1 and Z7 = 54,
occur 3 to 5 times more rapidly in the case where Auger processes are taken
into account than where continuum ionization alone is consideréd. The total
time period associated with the formation of the fully-stripped ions,
however, is determined mainly by the very long iﬁtervals required to strip
off the last few electrons (due totthe very small cross sections with
negligible Auger contributions for highly ionized atoms) and on a relative
basis therefore, differ only slightly for the two calculations. For argon,
also, aé noted in Fig. 12, Auger processes make a significant contribution

to ion production rates, although for this lower 7 species, the effect is

much less pronounced, In this case, there is at most a factor of two speed-

up in the production of individual charge states,
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Similar computations have been made for neon (lowes£ ih atomic number
of all the gasés studied), but the Auger cohtfibutiéns for this species
vere found to be relatively insignificant., On the other hand, krypton |
(see Fig. h'in Ref. 1), lfing in atomié number betwéen argon and xenon

. shows an Auger Speed;ﬁp intermediate to that of argon and xenon, amounting 
 to as much as a factor of 3 for some charge states. . These results clearly
dempnstrate'fhe progressively increasing importance, with increasing atomic
‘number, of thése-inner-shéll processes on charge stéte production in sucﬁ
devices, and inéiéate that for target atoms with Z greater than about

50, Auger ionization processes dominate at most stages of ionization.
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Figure Captions

The estimated ionization cross-sections, OC, GA, and UI for 20 MeV®
electrons on neutral neon and all of its ground state ions., In this
and the following three figures, o, is the cross section for direct ‘
ejection to the continuum,vdA, the cross~section corresponding to
excitation to unoccupied bound states followed by Auger emission, and
oI, the sum of OC and OA. The "curves" for this and the following six
figures were obtained by draving straight llne segments between the

cross-section points computed for each ionization state.

The estimated ionization cross- sectlons, GC, GA and c for 20 MeV

electrons on neutral argon and all of its ground. state ions.

Tye estimated ionizatioh cross-séctions, dC, GA, and UI for 20 MeV

electrons on neutral krypton and all of its ground staté ions.

The estimated ionization cross-sections, oC, dA‘and ot for 20 MeV

electrons on neutral xenon and all, of its ground state ions.

Comparison of direct continuum ionization cross-sections computed for
20 MeV electrons on neon and its ions with other estimates based on a

hydrogenic model using the formulatlon of Omidvar and Khateeb (Refs.

16 and 17). - _ .

\

Comparisons of direct oontinuum cross—seétions computed for 20 MeV

electrons on argon and its ions with other estimates based on a

hydrogenic model using the formulation of Omidvar and Khateeb (Refs. 16
and 17).

Comparison of direct continuum cross-sections computed for 20 MeV electrons
on xenon and its ions with other estimates based on 'a hydrogenic model

using the forﬁulation of Omidvar and Khateeb (Refs. 16 and 17).

. Comparison of the estimated totai ionization cross-sections

for electrons on neon atoms with available experimental data.over the
energy fange from 0.0L to 20 MeV. The experimental curve is a plot of

the Bethe asymptotic formula with the parameters for neon listed by

7



10.

11,

12,

_;1_9-

Rieke and Prepejchal. (See Ref. 18). The experimental points are

4

obtained from Ref. 20.

Comparison of the estimated total ionization cross-sections for electrons

on argon atoms with available experimental data over the energy range

from 0.0l to 20 MeV. The experimental curve is a plot of the Bethe

asymptotic formula with the parameters for argon listed by Rieke and

Prepejchal (See Ref. 19). The experimental points are obtained from
Ref. 20,

Comparison of the estimated total ionization cross-sections for electroas
on xenon atoms with available'experimental data over the energy range
from 0,0l to'2Q MeV. The experimental curve is a plot of the Bethe

asymptotic formuls with the parameters for Xenon listed by Rieke and

~ Prepejchal. (See Ref. 19). The experimental points are obtained from

Ref. 19,

Time dependences of the trapped ion abundances for several representative

xenon ionization states resulting from the interaction of a 20 MeV electron
ring beam with a xenon gas "puff". FEach abundance profile is designated
by the degree of ionization. The results obtained assuming only direct
continuum ionization are presented as the solid curvee whereas those
derived by also including the effects of Auger processes are shown as
the dashed curves. Also shown is the time dependence of the neutral
xenon abundance within the ring volume. The ring has a mean radius of

3 cm. and contains lO13 electrons within an assumed fixed volume of

1.2 cm3.

Time dependences of the trapped ion abundances for several representatiVe
argon ilonization states resulting from the interaction of a 20 MeV electron

ring beam with an argon gas "puff". The description is the same as that

_given in Fig. 11.
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Table I - Multi-ionization Collision Cross-sections for 1k kev

Electrons on Neutral Rare Gas Atoms.

Atom Ioiigztion Cross Section (10718 cm?)
State Experimental® Present
Xenon 1 8.5 7.5
2 2.9 3.0
3 1.86 1.35
h 0.86 0.86
> 0,26 0.26
6 0.15 - 0.08
Krypton 1 9.0- 4o
2 1.41 2.5
3 0.99 0.87
b 0.26 0.16
2 0.089 0.028
6 0.0k1 0.007
Argon 1 8.11 5.6
2 0.65 1.12
3 0.214 0.162
b 0.046 . 0.015
2 0.007 = 0.001
Neon 1 3.67 3060
2 0.163 | 0.509
3 0.015 0.036
L 0,002 0.0005

& Experimental,éross sections were obtained from Ref. 19 for xenon and
krypton and from Ref. 20 for argon and neon.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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