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SECTION I
INTRODUCTION AND SUMMARY

The goals of this program were te analyze- the téchniques
for laboratory simulation of the solar wind and to establish
an optimized design for such a system. Simulation of the
solar wind is necessary for the development of-long lived,
radiation-resistant thermal control coatings for use on
spacecraft. This program was motivated by the fact that
laboratory- experiments did not.appear to duplicate the changes
that occurred in the thermal control coatings used on opera-
tional spacecraft.

This study consists of four major elements: (1) +the
evaluation of the experimental data of the solar wind, (2)
the establishment-of a set of requirements for a solar wind
simulation system, (3) the-evaluation of the technigues and
apparatus that could be used to generate- the required ien
beam, and (4) the design of an optimized solar wind simu-
lation system.

This study was limited to the simulation of energetic
particulate solar radiation (i.e., protons, alpha particles,
highly charged heavy ions, and electfons), and did not in-
flude consideration of the simulation of the selar photon
(i.e., electromagnetic) radiation. It also did -not extend
to the analysis of the effects of the particulate radiation

on the thermal control coatings. é‘)olﬂﬁ é%j/ SR
The first task was to characterize the solar win / Under

el o e ST Y BesE =S T
Jquiet sun conditions, the solar wind consists of about 95% H+,
4% He2+j and 0.5% heavy ions of which only O7+, 06+, and O5+

have been identified. During periods of solar activity, the

He2+ (and by- inference the heavy ien) concentration is greatly



" increased. 'The H energy ranges from the quiet sun-value of

0.5 keV to solar flare conditions of 3 kev}‘with a mean value
about 1 keV. The normal particle flux is 2 'x 108 cm"2 sec—l,,
which is equivalent to _an ion current density of-3 x-lDi%lrﬂwﬂ‘

-2 e . -, .
“A cm T, _AThe_solar.wind electrons have_a maximum energy—in— .

R T

<the™Trange 6L 20—to—48—eV-. )

With this information concerning the selar wind and with
limitationé imposed by the experimental conditions, the-re-
quirements for the system are developed as part of the second
task in this study. While the proten-energy range of 0.5 to

3 keV and the flux range of 2 'x 10% en™? secT for-a normal

exposure to a value of 2 x 10tt cm‘_2 sec” ! for accelerated
testing are easily specified, the specification of the ion
composition requires information about chemical and mass -ef-
fects that is -not presently available. Second order simula-
tion with pretons and alphas and third erder simulation with
protons, alphas, and stripped heavy ions are considered;
however, because few, if any, experiments have been perfermed
with an adegquate first order simulation (only preotons), this
study was limited-to a proton beam. )

In additien to these requirements, the following set of
test conditions was defined to achieve adequate first order
simulation of the solar wind.

(a} Beam purity — The proton beam must be pure to avoid

sample degradation by materials not present in the solar wind.
The contaminants most likely to be found include fast charge-
exchange neutrals, material sputtered from the electrodes or
walls of the vacuum chamber, and Lyman alpha radiation gen-
erated by the hydrogen discharge in the source. The charge
exchange neutrals, which are created when protons pass through

a relatively high pressure- hydrogen gas such as in the extrac-
tion canal of the ion source; are particularly bad because they
are not easily detected and vet will produce degradation equiva-

lent to protons of the same kinetic energy.  The best means of



providing a pure beam i$ to physically deflect the desired -
particles (i.e:, the pretons) out of the beam and ehte the
target, leaving the contaminants (fast neutrals and Lyman
alpha photons) to pass undeflecﬁed into a trap or onto the
chamber walls (see section on mass separators).

(b) Test chamber pressure — It was estimated that the

test chamber should be held to an ambient pressure of less
than 5 x 10~7 Torr of background hydrogen pressure and that
other gases have a total pressure of less than 1 x 10“8 Torr.
It is particularly important to keep the test environment
free of all hydrocarbons such as diffusien pump oil and
vacuum grease.

(c) Sample temperatures — It was estimated that all
tests would be conducted between the temperatures of 100 to
450°K.

(d) Test system lifetime — Typical tests were estimated

to be of the order of 1000 hours.. Some shorter tests may be
conducted at an accelerated rate by increasing the flux den-
sity, although a limit based on a reciprocity failure rela-
tienship has not yet .been defined. . It-is suggested that a
valve be provided between the ion source and the sample cham-
ber so that repairs or modifications to the source can be
made if they become necessary during a test.

(e} Neutralization of surface charge — It was shown

that a positive sturface-charge may accumulate on the samples
when they are- bombarded by the ion fluxes to be used during
the test. While the extent of this accumulation depends on
the sample resistivity, it is suggested that all tests be
condﬁcted with a neutralizer consisting of an electron gun
which floods the target with 20 to 40 V electrons.



Figure IV-1 shows a typical solar wind simulator which
is described in detail in the report. It consists of five
basic elements - the proton source, the mass separator, thé
ion beam transport system, the beam measurement apparatus,
and the vacuum system (which contains the entire device and
provides the proper atmosphere for the tests). Each of the
first three units is treated separately, and then an example
design is- discussed that includes & typical beam meniﬁbr,ap—
paratus and vaguum installation. ‘ ) !

The  ion source must provide a-proten.beam.-with the nec-
- essary energy, intensity, and stability over the desired -
lifetime. The. only practical sources-that provide the de-~
sired guantity of protons with a sufficiently small energy
~ spread to traverse the mass separator, create the protons by -
electron bombardment of hfdrogen gas. The characteristics of
all the sources considered are summarized in Table IV-2 in
the body of fhe report. Only two have the regquired properties.
Of these¢, the rf.discharge was chesen as mest-suitable because
it is.able to produce -the desired total current required teo
irradiate 10 standard samples at-an accelerated test rate
1000 times greater than the "standard" ‘selar wind. Th@ second
cheice — the low- voltage eléétron.source —'is able  to operate
stably over a much wider current range than the rf.source, but
it is-very inefficient at the ‘high current levels and would
place an undue load on the vacuum pumps. Techniques for ex-
tracting and focusing the protons from each of these sources
are-discussed. ' '

- The mass separator must bend the proton beam.oﬁt of the
main beam from the source, while introduciﬁg a minimum of
aberrations that will perturb the beam uniformity at the tar-
get. The four- types of separators studied and their charact-

eristics are listed in Table IV-4. Again, two types — the



magnetic sector and crossed electrie and magnetic field — were
found suitable for this application., The magnetic sector was
chesen for the example design, primarily because it is much
more generally used and its performance more completely
documented.

The- ion optical system is critical in fulfilling the re--
quired-specifications-béeause it transports the ien beam from
seurce to target and provides a means of attenvating the beam
to achieve various.flﬁx‘levels. The output frem the ion source
and hence the input. to the ion optical system are characterized
by an emittance diagram that déf;neé the angular divergence of
the ion trajectories at every radius. The critical source
parameters should be measured for any particular sdource te be
used, before the ion optical system design is finalized. The
basic philosophy of design used here was to maintain a small
beam with little angular divergence alohg the path from the
source threugh the separator up to the final lens, which ex-
pands the beam to cover the target. By keeping the beam diam-
eter below 0.5 cm and using einzel or unipetential -lenses 10
times this diameter, the aberrations.can be kept small to pre-
- serve- the laminar néture of the beam and hence the uniform
ceverage of the target. A digital computer technique was
evolved te perform the iterative calculations te define-the
beam shape.

Two system advantages arise from this deésign.- First, by
keeping the beam small it is possible to insert a small aper-
ture between the seurce and the target' chamber. This aperture
provides a relatively high impedance to the neutral hydrogen
gas that flows frem the ion seurce thus permitting a differen-
tial pumping system to be effectively used -to remove the hydre-
gen befere it raises the pressure in the target chamber. A

second advantage is that with the system described -above, it



is possible te maintain the beam diameter small all the way

to the target and to substitute a set of deflection plates

for the final diverging lens. These plates may. be used-to
raster the small proton beam ever the target. This rastering
system has the advantages of providing more uniform target
coverage, better. control over the beam intensity, and mere ac--
curate measure of the beam intensity. The p;incipal-disad—
vantage is that the.ion arrival-at the target pulsates at the
raster frequency;.it has net -yet been established- that- this
accurately.éimulates a dc. beam of an intensity equal to the
average .intensity of the rastered -beam. ‘Bécquse-of'the signi-
ficant-system advantages, it is -suggested. that this p@intfbg-
established and- that a rastered béam be used if possible.

The proton, electron, and photon detectors are mounted
on the-underside of the sample mounting plate. A faraday
collector is 'used to determine the ion beam flux, flux dis-
tribution, energy, and energy -spread. - It is also uséd to
’mbnitpr the beam during the run. . A sexrvo -loop is used to
adjust the beam parameters- -to hold them to a fixed value.

The vacuum system consists of twe main elements — the
beam- forming compeonents and-the sqmple chamber, These:'can. be
iselated by means of a gate valve -to permit pressurization-of--
one half without.affecting the other.- The system is ‘all metal,

with-titanium sublimation and-sputter-ion pumps.



SECTION II
PARTICULATE ENVIRONMENT IN SPACE

The energetic particle flux found in space can be
divided into three major categories. One inciudes a number
of particles found within the space over which the earth's
magnetic field extends. This consists of the "thermal plasma”
which extends out from the ionosphere into the geomagnetic
cavity, the plasma sheath, the Van Allen radiation belts, and
the magneto-sheath. The second category is the solar plasma
or solar wind found in the interplanetary regiéns. The third
consists of the cosmic rays.

The particle environments of principal interest to the
designers dfaspacecraft are the solar wind and the-radiation
that exists at synchronous orbit. Stanley and Ryan (Ref.
ITI-1) have published an extensive summary of the synchronous
orbit charged particle radiation environment., This section
of this report summarizes the properties of the solar wind
that have been.determined by satellite probes. ‘This sum-
mary will be used to establish the general requirements for
an optimized solar-wind simulator.

The solar wind is-the term applied-to the streaming
plasma which is evolved from the sun. Because the energy
of the particles is much greater:than that which can.be asso-
ciated with the corona temperatures, it is believgd to re-
sult from a supersonic expansion of the corena's charged.
particles coupled to the sun's magnetic- field (Reﬁs. IT-2 ko
‘II-4) . The plasma is neutral, having an equal. number of
positive charges .and electrons per unit velume. - The ions
and electrons have much different velocities.



A. SOLAR WIND COMPOSITION

The most -abundant.ion is the-hydrogen ion, H+, (i.e.,
a proton). The second most abundant is that of helium He2+
(i.e., an alpha particle).* Although there are spectro-
scopic data indicating the presence of many other elements
in the sun, only multiply charged oxygen ions O5+ 06+, and
O7+ have been identified (Ref. IT-6) at this time. Othex
ions are believed to be present, but their low relative
abundance and the number of ionic states makes it very diffi-
cult to identify them by means of energy per charge detec-
tors. The foil collector experiments made during the recent
Apollo flight-should provide more information about the
heavy ion composition of the solar wind.

The He?' to .H' ratio (n /n_) has béen measured by the
Vela satellite and found to,var§ from less than 1% to over
15% (Ref. II-5). This variation is believed to. reflect true
changes in the plasma composition. The average value of
na/np (for-quiet sun conditions) is about 4.5%.T Duging
solar flares, the plasma contains a much greater He con-
tent. In a recent class 3B flare, an na/np ratio of 22%
was observed (Ref. II-7). Under this condition nearly half

the charge of the solar wind is carried by the He2+ ions.

*The major part of the information in this section has been
obtained from: Huhdhausen's paper on the direct observation
of sblar wind particles (Ref. II-5), Material not refer-
enced to others was obtained from this paper.

+The ny/n, ratio was measured over-a 2 year-period by the

Vela 3A and. 3B satellites. During this time the ratio’
varied from 0.0l to 0.08 and had an average value of 0.037.
(D.E. Robbins, A.T, Hundhausen, and S.J. Bame; J. Geophys.
Res. 75.. 1178 (1970) .1



This indicates -that the solar plasma.composition varies with
solar activity. The heavy ion components could be resolved
only under gquiet sun-conditions. During this period it was
about 0.5% (by number ratio) of the preton flux (Ref. II-6).

B. SOLAR WIND PARTICLE -ENERGIES

The solar wind proton energies weré first accurétely
measured by the Mariner 2 satellite (Ref. II-8) during the
period September through December 1962. The average of the
daily average- proton-velocity for the period was 504 km sec—l
(equivalent to 1325 eV energy).* The 3 hour averages ranged
from a low energy of 532 eV (v = 319 km secfl) to a high
enerqgy of 3100 eV (v = 771 km secul). A graph of the 3 hour.
averade values of the plasma velocity and of the proton num-
ber density is presented in Fig. II-1. During this period
the solar wind consisted of a series of long-lived- high-
velocity streams separated by a slower plasma. This slower
plasma is associated with the quiet sun condition and has an

energy of about 534 to 603 eV (v = 320 to 340 km sec—l).

*The satellite instrumentation measured the proton enerqgy.
Thege data were reported as a velocity using the following
relationship

I

1 2
aV -2— ITLHV
V = 5.22 x 1072 o2

v =1.38 % 104 Vl/2

where ~19
e = 1,60 x 10- coulomb

<
I

volts

27

m, = 1.67-x 10"’ kgm (proton mass)
-

= m sec

In this summary, we have converted the velocities to the
appropriate energy unit.
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27-day solar rotation periods (from Ref. II-8).



The Vela 2, Vela 3, and Vela 4 series of satellites

have made observations over the period from 1964 to 1967,
which was a period of minimum solar activity. During the
period of July 1964 to July 1965, the Vela 2A and Vela 2B
satellites (Ref. I1II-9) made about 13000 measurements. The
mean value was 920 eV (v = 420 km sec-l), and the largest
number of cases were for a 550 eV (v = 325 km sec“l) parti-
cle energy. This is shown in Fig. II-2. The largest peak
appears to be associated with the quiet sun condition which

was prevalent throughout most of this period.

v HRL210-42RI1
e
52 208 468 832 1300 1872 2550
100 [ I | i ! | I
5] — VELA 2A AND 2B DATA
Z COMBINED
o
> 75 |- A AREA: 100 CASES |
i_-
3]
9
MEAN
W 50— —
~
w
Ll
2
g 251 —
o
=
o | | i { |

0 100 200 300 400 500 600 700 80O
SOLAR ~WIND VELOCITY, km/sec

Fig. II-2. "~Distribution of solar-wind
ion energy and velocity from
~July 1964 to July 1965 (from
Ref. I1I-9).

The He2+ is observed to have an energy per charge
(E/Q) ratio that is twice that of the protons (Refs. II-6,
I1-8). Thus the energy of the alpha particles is 4 times
that of the protons. The highly charged heavy ions (O7+,

o+ + . . . .
0, and O5 ) » which could be resolved only in a quiet sun
period (Ref. II-6), had energies of about 14 keV and an E/Q

ratio of 2.65 that of the protons.



In summary, the solar wind proton energy ranges from a
low value of about 550 eV that is associated with quiet sun
conditions, to, a mean value -in the neighborhood of 1000 eV
and to an upper limit of about 3000 eV that is associated

with solar flares. The energies of the He2+, O7+, 06+,'and

O5+ are related to the solar activity in a similar fashion.

C. SOLAR WIND PARTICLE FLUX

The solar wind ion flux-during guiet sun conditions is
apparently a constant value of approximately 2 x 108‘cm"2
sec_l. The fraction of time in which the solar wind exhibits
the quiet sun condition varies with the solar activity over
the 11 year solar cycle. During the Mariner 2 measurements,
which were made during a period of declining solar activity,
the guiet sun condition was observed for short- periods
between long lived higher velocity plasma streams (see
Fig. II-1). The average value of the density was 5.4 pro-
tons cmTB, which leads to a flux of 2.4 x 105 protons cm
seq_l. During the Vela 2 and -3 measurements, which took
place during thé minimum in- solar activity, the quiet -sun
condition was present for a large fraction of the time.

During the quiet sun-.period in which the Vela series:
of satellites were -operating,. an.average total positive ion
flux of 1.Y5 x 108 positive electronic charges cm—2 sec_l
were observed (Ref. II-5). .Under these conditions the plas-
ma consisted of approximately 4.5%~He2+ (by number), which
represents about 9% of the total charge in the solar plas-—
ma.* The differences in these values réflects both a differ-

ence in the degree-of solar activity and that the Mariner 2

* -
The aluminum foil collector experiment performed during the

Apollo 11 mission showed the He? component of the solar wind
to have a flux of 6.3 # 1.2 x 100 particles cm™2 sec™1.

(F. Biihler, P. Eberhardt, J. Geiss, J. Meister, and P. Signer,
Science 166, 1502 (1969).)



values were-obtained under an assumption of a radial solar
wind velocity. Vela 2A and 2B (Ref. II-9) measurements of
the flow direction of the solar plasma indicated a mean
flow about 1-1/2° east of the Earth-Sun line. .

An example of the change in £lux that occurs is taken
from the plasma shock that resulted from the class 3B flare
of 13 February 1267 (Ref., II-7). The proton flux changed

from a preshock wave value of 2,0 X'108 cm_z séc-_l to a

post shock wave value of 5.8 x 108 cmdz'sec—l. At the maxi-

mum, the flux was 8.3 x*lO8 cm."2 sec_l. These increases
were associated with an increase in the proton energy from

385 eV te 770 eV to 1920 eV, respectively.
D. SOLAR WIND ELECTRONS

Observations of the properties of the electrons in the
solar wind are difficult because of the fact that the
average energy of the electrons is low. The low energy of
the .electrons means that the spacecraft potential -can perturb
the measurement-and that solar light formed photoelectrons
can cause erroneous measurements.

The most accurate measurements are the recent ones ob-
tained with the Vela 4B satellites (Ref. II-10). The elec-
tron properties were measured with-an electrostatic analyzer
which had 20 continuous energy intervals ({(channels). The -
results, which are- presented ifn Fig. II-3, .show that the elec-.
tron energy spectrum- has a broad maximum in the energy range
of .20 to 40 eV. The electroen distribution function shows
a Maxwellian distribution for those with velocities less
than about 5000 km sec"l {(or energy less than 140 V) and a _
high energy tail (at higher wvelocities) that has a different
distribution., The measurements of the electron bulk speed
and density agreed with measurements of the.positive ion bulk
speed and density, thus indicating the wvalidity of- these

measurements of the electron properties.
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SECTION ITIT

SOLAR WIND SIMULATOR REQUIREMENTS -

The design analysis for the optimized solar wind simu-
later mast have as a foundation a set-of requirements  that
are based on. the characteristies of the solar wind (sum-
marized-in Section II), and on the limitations imposed by
the laboratory environment. The following specifications,
presented in RFP A-15122 (FG-5), are typical of those gen-
erally used. The simulator would have a 99% pure proton
beam.of-10-cm diameter at-the target plane with a *5% uni-
formity. The proton energy should be controllable at any-
peint from 0.5 to 3.0 keV with less than a 10% sprgéd. The
proton flux sheuld- range from 2 x lO8 to 2 % 101.l cmTz
sec"l at the sample for the‘toéal energy range. The .system
should ‘be capable of continuous operation for 1000 hours.
It should operate witﬁ-a chamber pressure Of*S'X‘lO—7 Torr
or less, with a sample:t@mperature controllable over- the-
range of 100 to 450°K, and with simultaneous selar ultra-
violet radiation (vacuum and near ultraviolet), proetens and
electrons of 10 to 100 eV energy and flux range of 1 x 108
to 1 x 1072 cm 2 sec™! at -the sample plane;

A detailed analysis of.- these and-ether physical char-
agteristics of the.solar wind simulater is'preséntgd in
Sectien‘III—A:' In additien, a theoretical analysis of
problems such as the neutralization- of the ion beam charges,
ioguatom-charge-exchange, and ien solid reactions such as

sputtering is presented in.Section III-B.
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AL PHYSICAT, CHARACTERISTICS OF -THE SOLAR WIND -STMULATOR

The objective of this subsection is to establish the
conditions for the laboratory simulation of the solar wind.
The analysis of the particulate environment of spage (Sec-.
tion II) is-used as a _ basis for:éhis discussien. Additional
factors such as the duration of the‘testé,‘the cost and
complexity of the equipment, and the problems of- accelerated
testing are also considered. The discussion involves es-
tablishing the ion composition, flux and energy spectrum,

electron flux and energy-spectrum.

1. Positive Ion Composition

All efforts to date to simulate the solar wind have used
either proton beams that were purified by mass separatien or
mixed (unpurified) proton-molecular ion (H;) beams. Simula-
tion in this manner was Jjustified -by the fact that the solar
wind is predominantly.composed of protons. .Thishelement of
the report-will analyze the factors which determine the ion

. composition-necessary for simulation of the solar wind.

The average composition of the solar.wind during quiet
sin conditions is about 95% H%, 4% He2+, and less than 0.5%
total heavy ions. The heavy ions can be distinguished only

under guiet sun conditiens.- The na/nP ratio (the number
2+

.of He to the number of-H+) varies from less than 1% to

16

more than 15%. The higher values are associated with sélar
activity. The implication is that the solar plasma composi-—
tion changes.with solar activity and that the heavy- ion con-

centration can be larger.during- solar flares.



The degree of simulation of the solar wind can be

divided inte three categories:

(X} first order simulation, which uses only protons

(2) second order simulation, which uses both protons’

and alphas in about a 95:4 number raﬁio

(3) third order simulation with protons, alphas, and

highly charged-heavy ions (such as O7+, 06+.'05+.
etc.) in about a 95:4:1 number ratio.
The significance of these three levels of simulation i§s pre-
sented in the.following discussion. .

A third order simulation of the solar wind involves the.
use of three different ion seurces, and thus is extremely com-
plex. In particular, the production of highly charged species,
such as 06+; with energies ranging from 10 to 50 keV is a diffi-
cﬁf%ﬂproblem-and is prohibitively expensive. In the event that
the effects of the heavy ion component (such as sputtering,
chemical reactivity, and energetic x-ray photons and Auger
electrons produced by the interaction of the ions and the sur-
face) are significant, an alternative technique could be used-
which invelves an 0" ion source to simulate the heavy ion mass
and chemical effects, and a low energy x—}ay source.to simulate
the x-ray and Auger electron effects.

Second -order simulation with bqth'H+ and.He%+’ion
sources-does not appear particularly useful when compared
with a first orﬁe;_simulation. The alpha particles do not
réact-chemically with the target.: The sputter yield of the
alphas is not significantly greater than that of the pro-
tons. The x-rays and Auger electrons resulting from the
neutralization of the 25 and 54 eV first and second ioniza-
tion potentials may be signifieant. It should be possible
to duplicate the He2+ effects -with protens and thus avoid

the-increased costs and complexity of a _dual source system.

17
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Based on the present information concerning radiation
effects of the selar wind ofi the thermal cbntrbl.materials,
a-first;e;dér simulation with only protons is an- adequate
degree of-simulation. In additien, the devélépment—of-an-
optimized proton simulator,rwhichzis the'goal of this pro-
gram, has yet to be comple@ea;,realistiq tests -must be run
and evaluated before secqnd and' third order effects can-be
considered. In some cases, ﬁ;azgication of the proton-dose
(flux and energy) may serve to simulate some of the second-
and third order effects. Thus it is concluded. that a simu-

lated solar wind-should censist only of protons.

2. Ien Flux

The simulatioen of the solar wind reguires an ion flux

of 2 x 10°% em™? s

rent density of 3 x 10

-1 . ] ]
e, which corresponds t& a proten cur-

-1l 2 This value is based on

A cm
the Mariner 2 data which were-obtained during a périod of
@éélining solar activity and the-Vela series which operated
during a period of minimum sélar activity. It may be. neces-
sary-to modify this value when meastreménts are made durr
ing the next peiiod of maximum solar actiwity. Based on
the flux changes observed during.a flare and.the differ-
ences between-the Mariner and the.Vela values, it is esti-
mated that the change in value will be no moré than a fac-
tor of three. )

Accelerated testing of the thermal control coatings
may be necessary in order to shorten the laboratory testing
peried. -This is particularly true when radiation resis-
tant‘coatings have been developed. At-present, accelerated
testing is:performed with 5 to’50 eguivalent suns-of photon
radiation. The limitation is the -limited output of the .
light sources and the problem of reciprocity failure of the-

samples.



A goal of this study was to design a simulator capable
of operating at proton flux levels up to 2 x 1011 cm_2 secfl,
which would make possible testing at levels up to 1000 times
the normal solar plasma flux. This is an acceptable design
goal as far as the ion physics oxr engineering aspects are
concerned, It-is important toc note that the operating limit
may be less than 1000 times the solar plasma flux because
of reciprocity failure in the sample. This is determined
by an analysis of the dose versus damage curve for the specific
material,

The flux level may be greater if a scanned beam is
used to-irradiate the sample: In this technigue, an
intense beam of small: area is swept -over the sample sur-
face in much the.-same way as an electron beam i$ used to
ferm a -television image.: The advantage of this method is
that it -makes possible a very uniform irradiation of the
total sample area and that it makes the control of the flux
level easier. The two major conditions associated with the
raster technique. are that the local increase in beam in-
tensity must net be large ehough to result in reciprocity
failure and that the lifetime of the proten induced radiation
damage must-be such that there is no difference in the damage
that results from the scanned beam and that which results from a
continuous beam. An analysis of the latter condition is pre-
sented in Appendix A of this report. The conclusion of this
analysis which is based on a thermal spike model of radiation
damage; is that the.damage- (i.e., color center density) is
established by the defect.density which is a function of the
dose. There is no significant difference betwegn the.continuous
and the rastered irradiation of the samples. In . addition, the .
bleaching time is large enough that the raster rate will not

be a significant facter.
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3.. . Proton Energy

The energy of the. solar wind protonsuvariésfwity the
solar- activity. As summarized in. Section II~B, the proton
energies range from t@e guiet sun-coendition with 500 V"
proteons to. the flare conditiens when the pfotons can.have
3 kgv energy. There.is always sqfficientxsglar activity
that even during the peiiod of minimum solar activity the

mean energy of the protons is about: 1 kev.

4. Electron Flux and Energy

. The most éiréct way of. specifying -the electron emis-—-
sion cdapability of-the neutraliger-is -te state that it be
capable ef(prqﬁiﬁing sufficient electron current-ﬁo_
neutralize the proton beam charge at any' proton beam.operat-
ing-level. Based on the observations of the solar wind
electron enexrgy, thekngutralizer should produce electrons

of about 20 to 40 eV ‘energy.

5. Beam Purity

It is desirable-to-have.a proton beam of the highest-

practical purity. Howevér, limiting the impurity ions to

a particular concentration does not .insure: that-the physical
effects of the impurities will be small compared with -that
of the protons: "An example is-that of sputtering, which .is
discussed in Section-III-B-3, 'The sputter-yield for-heavy
ioens ié;about 100 times that of protons, so that- the sputter-
ing effect of a 1% heavy ion-impurity would be .equivalent.to
the 99% of the beam that is. protens,
A solution te this problem is to set a-dual impurity

specification which permits up to 1l%.of Hg in the beam,anda

a maximum of 10—3% of all other heéavy-iens: The molecular



hydrogen ion (H;)jr which i& the major.impurity, has chemi-=
cal and physical effects-that are guite similar te those
produced by the pretons: Therefore, the effect of the
molecular ion should scale approximately as does its concen-
tration in the proton beamn. '

There are two sources of gas that are responsible for
the heavy ion impurity: (1)} the impurities that are present
in the hydregen gas supply; (2) the gases that are desorbed
from the surfaces of the ion source and frem the walls of
the vacuum chamber. The amount of adsorbed gas can be con-
trolled in two ways. The first is to remove it by pumping.
This can be accelerated by "baking out" the vacuum system
(i.e., heating the system to about 250-to 350°C). The
second wéy is to operate the source for a period'of a few
hours (Ref. III-1l) prior tec the actual run. The presence
of heat and ions from the plasma will clean the surfaces of
the system. The control--of the impurities in the hydrogen
gas supply requires the use of the research grade of hydrogen
which has a.purity of- 99.9995% minimum (Ref. III-2).

Another aspect of beam purity not.specified i the
presence of energetic neutrals formed by charge exchange
(see Section III-B-2}. As the fast"neutréls will ‘have the
same mass' effects-on the surface-as do ions, and because
they are.not registered as a current and are therefore not
included in the dose measurements, it is essential that the
number of charge exchange neutrals not exceed 1% of the
proton flux, Thig factor is also discussed in Section IV-B,
as 1t is an important element in the selection of the mass
separator system.

The beam purity requirement should also specify a limit
for energetic photons (Lyman o radiation) which are produced
in the ion source. 2An estimate of thé magnitude of the pheton

productien in.an rf ion source is presented in Appendix B.



These photons, which are due to the excitation of hydrogen-
atoms and molecules by éiéﬁtﬁon bombardment, have enexgies

of about 10 eV. They can cause a very marked effect-in _the
degradation of thermal control coatings (Ref. III-3)}., The
production of photons.is negligible in.the low pressure
electron bombardment ion sources and pronounced in the plasma
type ion sources. This factor is considered in the selection
of the ion source in Section IV~-A and in the selection of

the.-mass: separator in Section IV-B.

6. Vacuum Requirement

The vacuum requirement for this type of test.has typically
require& the _solar wind simulator -to operate with a sample
chamber pressure of 5.x 10"7-Terr or less. It-is useful to
augment this specificatien by-defining the operating conditions-
in terms of the partial pressures.of the residual gases-that
are present. This is impertant because some gases -are known-
to cause bleaching.of-seme-of-the coelor centers formed in the
degradation of the thermal control -coatings. The tolerance
limits for these gases must be set to insure-that they will
net interfere-with the experiments.

Duplication of the vacuum conditions that exist -in the
intefplang%ary space (i.e., a random gas. with a pressure of
#he eriir of~10_13 Terr.and a directed pressure of the order
of. 10

unrealistically expensive:. .This is- discussed in. greater de-

Torr due to“streaming from the sun (Ref. -ITI-4) .is:

tail in Section V-E.. However, because there is evidence of
a significant difference between-the results of simulatien
experiments performed .':11:(10“6 Torr-and with coatings that
have operated in the space envirenment, it will be necessary:
to.determine experimentally the -reasdnable limits-for the .
partial pressure of gases -such'as:oxygen: Experiments have
been performed (Ref. III-5) which show marked changes in
reflectivity at 1075 Torr. partial pressure of oxygen, indi-—
cating the need for further research.
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An approximation of the arrival rate of oxygen gas.for
the estimated conditions to be found in-space and in. the
laboratory vacuum system indicates the magnitude of .the dif-
ference between the two environments. If the laboratery
vacuum oxygen partial pressure is estimated to be 1 x i0—7
Torr and its temperature to be-300°K, the molecular arrival

rate at é-surface v is given as follows (Ref. IITI-6):

P 1
v = 3.513 x 1042 ——39%§§ em % sec™t
(MT).
where
M = molecular weight
T = gas temperature °K
PTorr = gas pressure.

Thus the arrival rate ofroxygen-is

3.5 x 10%% x 1077/(32 x 300)%/2

3.6 x 107 71

<
1

3 joleculed em™? sec t.

[

If we estimate' that -the number of lattice sites on a .surface
is abeut 4 x 1014, under: these cenditions the .oxygen.mole-
cules will arrive at.the rate of a*monolayér in 10 seg:

If we estimate that the oxygen gas content in. space is
abeut:10% of the. total,'it would have a partial pressure of
ab@ut;10—14 Torr. The black body temperature of space is
about 4°K and the .gases are.dissociated so that the exygen.
atomic weight is 16. The.arrival rate is

22

3.5 x 1022 x 107 /(16 x 4)1/2
“2 -1

4.4 x lO7 atoms cmr se

12’

I
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Under - these conditions, therefore, a period of about three
vears -is-necessary for a monolayer-of éxygen to arrive at
the surface.-

THe. significance of this estimate is-that it will be
necessary to perform experiments on the-irradiation of
identical samples under a range of vacuum conditions to
determine if the. experiments are sensitive to. the presence
of specific .gases. This is a standard procedure when .operat-
ing an. experiment in the presence of additional factors that
can influence the results.

The vacuum conditions also may be set by the presence
of sensitive elements of the simulator system. For example,
the predéminant gas in a typical unbaked -system is water
vapor, which is evelved from its adsorbed state on the sur-
faces within the system. There is a high probabiliéy.that
this - will occur in- the.simulator system due. to -the very high
surface-to-volume ratio of both the reflective white coating
in, the integrating sphere .and the samples of the thermal
céntrel coatings. These-surfaces can aét.as a signifiecant-
water vapor- reserveir. If impregnated caﬁhodes are used in,
‘the ion source, the neutralizer source, .the mass analyzer, ™
or the pressure senser, it,is-possible for the water vapof-
to:"peison“*the.cathodg surface.

Because of the uncertainties in the estimatien of-
residual- gas effects on_the experiments, the a priori-es-
tablishment eof - partial pressure limits is not possible.
Insteaﬁ, it is -neceéssary to set up guidelines which will re-
sult in the design of a system that has the.capability to
operate at pressures below the 5 x 10—7 Torr level. This
will permit the establishment of these basic partial pres-
sure parameters. In view of tpe fact that hydrogen will be

the major gas present (due to the operation of the proton



source), it-is possible to set the total operating-pres-=
sure limit at 5 x 10”7 Torr. and to set; as a design goal,
the -limit on the total of all eother gases as about

1.x 1078 Térr.,

Shrouds to Trap Radiation

In addition to the requirements for the system operat-

ing pressure, it is necessary to duplicate the condition

that exists in-space where none of the radiation from the
surface and none of the gas desorbed by the surface is re-
turned te the surface. The 3°K black body conditions of

space can be -simulated by placing a cryogenically- cooled
shroud whose-surface has been treated te give it a 95% absorp-
tivity. The shroud will prevent radiation that is either
emitted or reflected by. the surface from being reflected back,

to any of the.samples. In'aédition, for a sample at 300°K

and a shroud at 100°K, the net radiated:power from the sample -

is abeut 99% of that when the 300°K sample is exposed to the
3°K black body of space. The cryogenic nature -of the baffle
will serve to .trap most of the gases (except hydrogen) that'

are desorbed from the sample surfaces.

8. Proton Beam Diameter

The specification of a proton beam-diameter of 10 cm
at-the'sample plane (with a 5% uniformity), is needed to
expose simultaneously about éight samples of-2 cm diameter
size. The 10 cm diameter represents an upper.limit te the
size to which a single ion beam can be expanded. The design.
of a system to expose larger sample areas will involve a
scanned ion beam. The present - -system should have both the
capability of a broad qontinuous ion beam-and of a small
scanned ion beam.
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9. System Operating Lifetime

The continuous operating lifetime of 1000 hours is
necessary to prevent the nullifying of extended testing due
to the failure. of the system. If a run were stopped and the
samples- were pressurized to 1 atmosphere to allow the repair
of the system, the effect of the irradiation would be lost
due to the possibility of bleaching of the color centers.

As a result, the reguirement for a 1000 hour lifetime has
been placed on the system.

There is an alternative system in which the proton
beam-forming apparatus-and the sample chamber are each pro-
vided with the complete vacuum pumping facility and can be
isolated from each other by a gate valve. This system has
the .advantage that one component can be modified or re-
paired without affecting the vacuum condition in the other
component. This system also makes possible the differential
pumping of the ion source, which minimizes the gas load to
the sample .chamber and thus makes it easier to obtain lower

pregsures in the sample chamber.
B. INTERACTION OF THE PROTON BEAM WITH OTHER MATERIALS

This subsection is concerned with the interaction of

the proton beam and the other constituents in the system.

A principal one is the interaction of the proton and elec-
tron beams to produce a neutralized beam at the sample sur-
face. This is of critical importance for dielectric samples
such as the thermal control coating materials. Another type
of interaction is that of charge transfer between the pro-
tons and the-neutral atoms and molecules. The third type

is the ion-solid interactions which consist of sputtering,

lattice displacements, and tunneling, among others.



1. Neutralization of the Proton Beam Charge

A critical aspeet of experiments involving proton ir-
radiation of samples of dielectric materials used in_ thermal
control coatings is to maintain the sample surface: in an
essentially neutral electrical condition. If the electron
source is inadequate to neutralize the preton beam.charge,
the sample- surface can develop a positive potential whose
magnitude depends on the dielectric strength and electrical
resistance of-the sample, on the proton ehergy, and on the
presence of secondary and thermionic-electronst

The failure to neutralize the proton beam charge by
means of-low energy electrons can affect the experiments in
a number- of ways. The formation of a surface potential can
cause- a decrease in the kinetic energy of the protons that
strike the surface, and can affect-the ion trajectories and
produce a nonuniform irradiation. The potential will cause
an increase-in the energy of the electrons that strike the
surface. Neutralizatien by means of breakdown. can occur.
The. mechanisms- can include the formation of -conduction
paths, collisional ionization, and discharge-phenomena (in-=
¢luding field emission and ionic conductivity).

The need to neutralize the proton beam stems frem the
nature of the system. Protons (as well as any other iens)
are formed in sources described in Sectien IV-A of this
report. They are accelerated from the source and travel
through the vacuum to impinge .on the samples, the sample
holder, and the vacuum chamber wall. This is shown_in
schematic form in Pig. III-l. As the positive ions are im-
mobilized at the impact site, it is necessary to have an
equivalent flow of negative-charge (in the form of electrons)
from the source. to the-impact sites, in order to maihtain the
electrical neutrality of the system and- thus the continued-
operation of the system.
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In general, this supply of neutralizing electrons -can
flow through the power supply, which provides the.bias to
the ion source, through the -external circuit to the impact.
sites. 1In the case of nonconductive dielectrig-materi@ls,
the electrons are stopped at-the metal-dielectric inter-
face and ions -on the vacuum surface .of the dielectric to
form a capacitor. This capaeitor would continue to charge
until the.field is great eneugh to cause an electrical break-
dewn of. the.insulator or until the surface-potential beccmes
equal to the.ion potential, causing the ien beam to be. de-
flected to other surfaces.

Neutralization of the surface charge on a dielectric
target may be accomplished by means of a thermionic -electron-
gsource in the manner shown in Fig. III-1. The electrons are
emitted from the filament and accelerated from the-source;
they travel across the vacuum to- the sample surface, thus
neutralizing the preton charge,

An important-condition imposed-on the neutralizer souree
is that the electron energy bé limited to thé order of 20
te 40 eV. This is necessary in order te simulate the energy-
of. electrons present in the solar wind and to ascertain that
the electron. energy is not large enough to.cause ionizatien
ip—~the sample. I

The problem of charging of the sample surface can be
ebserved underfthe—~condibtieon-eof—inconpltete-slectronneutrali-
zation only in samples having-a high resistivity-and a high-

dielectric strength. For example, alumina (AléO3J has a

room temperature resistivity of about 10;5

breakdown voltage of about lO5 v cm—l. Lei_usﬂgpnsider-a
0.1 cm (0.040 mil) thick sample of Aly03 that is exposed
8

Q-cm~l and a

to a 1 keV proton beam with a 10 ~ A cm_2 current density.

&



The resistance of the sample (per square centimeters of

area) 1s 1015 1 X 10_l cm = 1014 Q. The leakage cur-
rent for a 103V potential across the sample is (I = (VWR))

= 10—-9 A. As this %Eantity is smaller than the proton arrival
rate, the suxrface shegid rapidly charge up to a 103 V potential
In addition, the breakdown voltage of the 107 F-cm thick

lxlo_l cm = lO4 V, which exceeds the

Q-cm

sample is 105 V cm

beam potential. €y p\:*\:‘ s Y
I P . S, N P e "‘W
In a second example, a zirconia sample of the same

dimensions would exhibit a different behavior. Zirconia has

a room temperature resistivity of about 108 Q—cm_l, so that

the resistance of the sample would be 107 fi. A leakage cur-

rent of 10_8 A would occur at a voltage of 10-l V. Thus,
the 'zirconia sample would not develop a surface pétential
because of the conductivity of the sample.

Similar problems exist in the comparison of samples of
a pigment in various binders. The higher conductivity of
the thermal control cdatings using a potassium silicate
binder, compared with the coeatings which use silicone. resins,
can-result in different experimental conditiens.:

The failure to neutralize the proton charge during the
irradiatien. of high resistivity-high dielectric strength
samplés (such as thick anodized metal surfaces) can reéult
in mechanical'damagé due . te breakdown. One possible mode
is discharge.breakdown. In,Fig. III-2(a), the electrenic
states of an insulater and a metgl are shown before irradi-
atien by the proten beam., After the accumulation eof posi-
tive charge on the surface of the dielectric, the potential
energy is shewn in Fig. III-2(b). Electron cenductien can-
result. from tunneling through the barrier, from a decrease
in the barrier potential (Schottky emission), or from field
emission which is associated with the depression of the

barrier to near the Fermi level of the metal.
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Fig. I1I-2. Electronic levels in a neutral and in a positively
biased dielectric target.

Breakdown also can result from collisional ionization
(avalanche breakdown), and from the formation of conductive
paths by metal ion migration and by ionic conductivity.

In summary, it is necessar& to provide a neutralizer
to supply electrons inﬂsufficient numbers to offset the
positive charge due to the energetic protons. The elec-
tron energy should be about 20 to 40 eV to duplicate the
electrons in the solar wind. Instrumentation (which will be
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described in Section V-D-2). is hecessary-to separate the
ion and electron currents to be able to regulate these two

sources-during- the operatien of the solar wihd-simulater,-

2. Charge Transfer

Charge exchange is one of a number of gas phase reac-
tiong involving the collision of an ion and a neutral atom
or molecule. In this process, which is shown in (III-1),
an electron can transfer from fhe neutral particle to the
ion during the brief period when they are in close proximity.

Mt w2 o0 > Mo+ wt (III-1)

The process involves an inelastic collision (i.e., there is
no momentum transfer), and thus the two particles retain
their original kinetic energy. This fact is of considerable
importance in the design of a 'solar wind simulator because
it_meané‘that”energetic'protons wilincharge’exchange to form
energetic neutrals. This is in contrast to other inelastic
cellision processes (see Table IITI-1) which do not produce

energetic neutrals.

TABLE I

Inelastic Collision Processes

{1) Mf + N - M+ + N* excitation

(2) M+ + N -+ M + Nf charge transfer
+ . -+ + . . .
{(3) M + N~M + N 4+ electron ionization

{4) M% + N M++ + N + electron stripping




The fast neutrals present the following problem in the
application of the solar wind simulator when the samples are
located in line of sight with the ion source. The beam of
fast . neutrals-will strike the sample surface and cause the
same damage as do the protons, but the neutrals will not be
recorded as an electrical current; this gives an erroneous
value for the flux of particles that is responsible for the
observed damage. An additional problem restlts from the
anisotropic distribution of the fast neutrals. While the
proton beam is expanded (abou?_lOO diameters} and collimated
by means of electrostatic or magnetic lensés-to form a
uniform beam over a 100 cm2 target surface; the fast neutrals
are unaffected by these devices and-thus retain the trajec-.
teries that are established in the ion source exit aperture.
As a conseguence the fast neutral beam will be concentrated
and produce a nonuniform irradiation of the samples. This
also means that even if the magnitude -of charge exchange is
small, it still may have a pronounced effect on a specific
area.

The basic expression for the attenuation of an ion

beam due to charge transfer is given by .

Ig =~Io.exp (- ont) (III-2})
where Io is the ion current entering the region wgich con-
tains a neutral pgrticle density of n particles/cm™, Ig is
the jion beam current at a distance & cm, and o-is the re-
action cross section in -square centimeters.

The magnitude of the charge transfer cross section is
dependent on the nature of the ion-neutral pair invoelved in
the reactien. It is convenient to distinguish between the
symmetric resonance charge transfer between like atoms-

MY+ M Mo+ Mt and the asymmetrie charge transfer between
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unlike particles M + N> M+ N + AE where the energy
defect AE is the effective energy difference between .-the
initial and final states of this system. When all parti-
cles are in their ground state, AE is the difference in
the ionization potentials of the neutral particles M and
N. In general AE also includes terms for polarization
and excitation.

In the symmetric resonance case, an example being the
proton-hydrogen atom reaction, the cross section is largest.
at low ion velocities and decreases as ion velocity in-
creases. The proton-hydrogen atom charge exchange has been
measured by many investigators, of whom Fite (Ref. III-7)
is the most recent. The proton-hydrogen atom charge ex-

change cross section is shown in Fig. III-3 (Ref. III-8).
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Fig. III-3. Cross sections for charge transfer between '  ions
and atomic hydrogen. o, data from Ref. I1I11-8; x,
data from Ref. 111-9; e, data from Ref. III-10.
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The cross section for the asymmetric case, an example
of which is the proton-molecular hydrogen reaction, depends
very strongly on the magnitude of the energy.-defect. This
dependence has been treated by Massey (Ref. III-11) by means
of.a near-adiabatic hypothesis. It .involves a characteris-
tic collision time (a/v) where a is an interaction range .
of the order of 5 to 10 A and v is the relative velocity
of the ion-and.nentral particles. The electronic transac-
tion time is h/AE. The asymmetric charge transfer should
have a 'maximum value when (aAE/vh) = 1, where the relative
velocity of the particles is comparable te the velocity of
the electrons invelved in, the transfer. This is shown in
Figs. IIT-4 and III-5 for the H+~-H2 charge transfer reactien
(Refs. III-12, ITI-13). : '

In view of the fact that the presence of charge exchange
neutrals would be detrimental in the proposed experiments
and that the measurement of the magnitude of this flux would
require a very elaborate_ technique, the design of a-solar
wind simulater should be.such as to prevent the arrival of
fast neutrals, It-is significant that this design i§ also
necessary to prevent the energetic photons (which are formed
in the hydrogen. discharge) from irradiating the samples. It-
is .possible to -estimate the magnitude of the charge gﬁghange
in a typical source and thus show the importance of the
propesed design,

In order to estimate the charge exchange,.it is neces-
sary to specify or estimate the operating parémeters of the
source. These include the- temperature and pressure of gas
inside the ion source, the geometry of the exit orifice of
the’ source, the atomic to molecular ien (Hf/H;) ratio, and
the ion energy. A calculatien will be carried out for a
generalized case in sufficient detail to make it applicable

to any specific source.
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A typical rf ion source operates with a hydrogen gas
pressure of about 35 um (3.5 x 10_2 Torr). The temperature
of the gas is estimated to be about 500°K. The source exit
geometry is taken from a widely used commercial source. The
diameter of the exit canal is 1.5 mm and its length is-

12.7 mm. The extent of dissociation of the molecular hydro-
gen gas into’ atemic hydrogen is. estimated to bé about 20%,
based on the ratio of molecular and atomic iens produced in
this type of source. and on.the ionization cross section for
this process. The last parameter to be established is the
ion energy,.which in turn establishes the magnitude of the
charge exkchange cross 'section. For this calculation we will
use a value of 1.0 keV for the energy, which gets the charge
transfer cross section at 21 x% 10—16 cm2 (see Fig. IITI-3).

Based on the kinetic theoxry of gases, the number density -
of hydrogen atoms per cubic centimeters {(for a gas in a
closed system so that the atoms have a random directien) is
given by (Ref. III-6)

n=10"" %
where P 1is the hydrogen pressure in Torr and T is the gas
temperature in degrees Kelvin. For gas having a directed flow
the number density is given by (Ref. III-6) -

19 p

n=2.4x 10 7

The variation in gas density in the channel is approximated
as being inversely proportional to the distance down the
channel. This assumes that the density goes to zero at .the
end of the channel. This means the average density in the

channel is (n/2). This is a very rough approximation, but
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it is adequate: for this,calculation. The .source produces

about 600 mA of'profons, whiéh‘:epresents a particle. flux

of 1013_ion/secl,_This_is.abépt,S% of the gas-which leaves
the source.

The estimate of the decréase in the photon flux due te
charge transfer is.given by .the following modification of
(II1-2):

16g (I_/I) = === n.of
o 1 2.3 7H
where Ny the number density of the atomic hydregen gas, is
given by ‘the follow1ng quantlty which includes correctiens

for the extent of dlSSOClatlon and -the proton beam:

: P\ .13
" [()("9" N 1]
PERE: Lol9 by -3.5 x-107° ) 113
3 . TTB00 :

3.05 x-10%% |

o |

il

The extentrof -charge transfer of the proton-beam is as

follows: *

“16g (I, /I) 4= (3.05.x 10M%) (21 x 107 (1.27)

Therefore,

I/Io =:0.443.



This means that about half of the proton beam is converted
to fast neutrals in the 1.27 cm long exit channel.

This calculation demonstrates that charge exchange will
be significant in the ion source exit channel. Although the
magnitude depends on the estimates of the source operating .
parameters, it is sufficient to require that the bending of

the proton beam axis purify the beam of the fast neutrals.

3. Ton Interaction with the Solid

The task of estimating the effects of the bombardment
of the thermal control coatings by the solar plasma ions is
very difficult because of the large number of variables
involved in the process. The velocity (and thus the energy)
of the ions in the solar wind, the flux of particles in the
solar plasma, and the ratio of the different species in
the plasma all vary with the solar activity. The purpose
of this section is to summarize some of the interaétions
between the ions and solids, éo that any reaction that is
directly associated with or dependent on a specific ion
energy, ion flux, or the ilon itself may be noted. These
factors could influence the design of the optimized solar
wind simulator.

The most important effect of the solar wind irradiatior
of the thermal control coatings is the formation of color
centers that cause a degradation of the optical properties
of the coatings; in turn, this causes degradation of the
desired thermal control properties of the surfaces. The
. mechanism for the degradatien involves the ion bombardment
of the pigment particles to cause both the displacement of
atoms by nuclear elastic collsions, creating lattice vacan-
cies or Frankel defects, and the formation of hole-electron
pairs by ionization. The combination of these processes
with the migration of the electrons to the lattice vacancies

results in the formation of the color centers.



The task of estimating ;he extent of celor center ferma-
tien due to the selar wind bombardment is very difficult
because of the number of variables involved. These include
the ion energy, flux, mass,” and degree of ionization. For

example, the concentration of highly charged oxygen ions O7+

06+; and 05+ most likely increases during solar flares, as
does the He2+ concentration. This concentration could be
significant in. lattice displacement effects and perhaps_ in

ionizatien effects. The energy transfer factor,

M, M,
, 5. By
(Ml + Mz) X

where El is the energy.of the incident particle of mass
Ml’ and Mé is the mass of the lattice. atoms, shows that
14 keV oxygen ions impact about 90 times as much energy.te

the oxygen in a.thermal control coating as do 700 eV protons.

E(transferred by oxygeh)' 4 x 16 x %6 14 = 14.0
) (le + 16)
E (transferred by H+). - 4x1lx %6 0.7 = 0.155
(1L + 16) '

Tﬂié-factor does noé £éke inte account the differences in. the
momentum transfer that occurs when the particles are suffi-
ciently enérgetic te experience nuclear scatteringi This, is
true of.the high energy protons. when they interact with low

Z lattice iens. ‘ -

Thé‘ngture of the momentum transfer from the incident
solar wind particles te the lattice atem varies as a function
of the energy of the incident particle. Particles with high
energy interact through the coulombic repulsion of the

nuclear charges, which is termed Rutherford scattering. For
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intermediate .energies, the electron clouds partially screen
the nuclear charges and thus the collisions are referred to
as weak-screened coulomb collisionsﬂ At -low enefgiéé the .
electron clouds-are not penetrated and the collisioens are of
the hard sphere type.

For all ions, except the proton, the lower energy limits
for Rutherford and weak-screened coulomb collisions are much
greater than the ion energies associated with the solar wind.
Kaminsky (Ref. ITI-20) gives the lower limit for Rutherford
scattering as
E_ = 4 B2 22 72 (32/3 + 22/3) M—l

R "1 : 2 M,

1
B 2 %1 5 By

where E is the Rydberg energy for hydrogen (13.68 eV);

R
Zl’ Z2, Ml’ Mz'are the atomic numbers and. masses of the

incident particle and the target atom; Ed is the energy

to displace an atom from the lattice site which ranges from
20. to 25 eV for many metals. The lower limit for the weak-

screened collisions is given as

2/3, My + M,
5 T, .

2/3

E, = 2E_ Z, & (Zl

A R %21 %9 +z

For silver and copper targets, these values were calculated
by Kaminsky and given in Table III-2.

Ancother factor is the energy loss mechanism. The domi
nant mode of energy loss for fast ions in a solid is by
inelastic collisions which excite the electrons of-the lat-
tice atoms. This modé of energy loss is much greater than
any other mode when the ion.energy E is greater than a
limiting energy Ec' and it is negligible when E.< E -
The limiting energy Ec " for protons can be approximated by

E = i 1 W, = 102 w

c 16 ﬁ; i i



where ‘Me is the electron mass and Wi. the Fermi energy
of. free electrons in the solid. Thus, for protens the
limiting energy is of the order of 0.5 to 1 keV for wvarious
solids. Under conditions of a guiet sun, most of the pro-
ton energy would be given up to- the lattice as thermal.
energy. Under periods of solar activity, the energy of the
ions would be higher and thus would result in a medified
energy decay mode. In this case, fhe initial- energy loss
would be by means of an electron.excitation mode. As the.
proton energy decreased, the energy loss would be-due to
nuclear elastic collisions which cause the lattice

displacements.

TABLE IIZ-2

Energy Limits for Weak-Screened
and Rutherford Scattering

Silver target Z =.47 | Copper tafget Z = 29
M= 107.9 . M= 63.5
Ion - -
EA kev EB kev- EA kgV EB kev
+ .
H 4.8 10.2 2.6 4.1
. ge” 10.1 160 5.6 69.1
ot 48.5 |12.58 x 10> | 290.0 |5.39 x 10°

An equivalent factor present in the flux .of highly charged

ions.(07+, 06+, and ©5+) is the production of x-ray photons
or Auger electrons resulting from the neutralization of .
these ions at the surface of the target. Both the photons

and electrons could cause other ionizations in the lattice.
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In addition to the formation of color centers, bom-
bardment by the solar wind will cause sputtering of the sur-
face. Sputtering is the term applied to the process of re-
moval of material from the surface as a result of ion bom—
bardment of the surface. The kinetic energy of the ion is
distributed rapidly to the neighboring atoms, with the re-
sult that some of the surface atoms will acquire enough
energy to break the chemical bonds and evaporate from the’
surface. The evaporated material includes neutral atoms,
iéns, and electrons. The.loss of ions and electrons is of-
ten treated individually and referred to as secondary ion
and secondary electron emission resulting from ion
bombardment.

The magnitude. of sputtering is dependent on the ion mas
and enexrgy and on the nature of. the structure’ of the target.
There is a threshold energy of about 20 to 50 eV for the.
onset of sputtering. At low ion energies {(of the order of
100 to 500 eV), the ion penetrates only a few atomic layers,
and the yield is small but increases with increasing ion
energy. The sputter yields gre-greaﬁest for ions in the
energ& ranée oé about 103 to 104 eV. Depending on.the mass
and energy of the incident ion and on the atomic nass .and.
crystallographic structure ef the target, the-makimum*yield
can range from about 1 to 10 atoms/incident ion (for all
ions excluding the hydrogen and helitm ions). -The yield
then decreases at higher ion energies (above-llO4 eV) because
the ion penetrates the.surface to greater depths, thus decreas-
ing the chance that surface atoms will acquire sufficient
energy to evaporate from the surface.

The mass dependence of the sPutégr yield results from
the mass dependence of energy or momentum transfer. The
enerqgy transfer factor (4M1M2/(Ml + M2)2) is greatest when

43



she mass of-the incident particle, My is equal to the mass
of the target atem M,. Experiments. have.shown that the
sputter yield has this incident ion-target atom mass
dependence.

There have been very few experimental measurements of
the proton sputtering yield. : The main reason appears to pe
that due to the very low mass of the ion; the yield is very'
small -and therefore very dlfflcult to measure The- oonven;.
tional method of comparing the ien beam current and the mass.
loss by aqtarget cannet be used-with sufficient.accuracy in
the proton case because the mass loss of the target is ob-
scured by the hydrogen ogtake.

Grgnlund and Mooré_extepded the earlier work of O'Brian,
Lindne;, and Moore. (Ref. IIT-21) and measured the sputter
yields for 2 to 12 keV - protons bombarding a silver:target.
They found tﬁe yield to be about 0;035 atoms/proton ‘ever a
broad energy raﬁge; the results—-are shown in Fig. TII-6.
Yonts, Normand, and Harrison. (Ref. III-22) obsei%ed a'yield
of'01011 atoms of copper per 30 keV proton.'FinfgeId_(Ref.
IIT-23) measured the yield for 0.5 to 8 keﬁ-protons on a,
gold, target using a nubieaf activation techhique_to measure
the sputtered gold films. He observed a maximum yield. of
0.014 atoms/proton at. proton energies of 4 to 5 keV. These
_data are shown in Fig. III- 7.

Although it is not. valid to extrapolate from these data
for protons on copper, silver, and gold it is possible to
estlmate the magnitude of the sputterlng of lower Z targets
as belng no larger than 0.1 atom/proton under the optimum
conditions. )

Using this estimate it is possibievto‘estimate the
material loss from the surface provided the magnitude of the

heavy'ion component in the solar wind is small enough to be.
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neglected. This assumptien will be discussed later. The
C =2
S

normal proton f£lux of about 108 H+'cm ec'_l would cause
the-loss of about.lO7 atoms cm_zsec"l, or about 3 x lO14
atoms cm_zyr_l.‘ This means the loss of-about a monolayer
per vear. This is a negligiblé guantity in terms of a .
material loss if we consider only the loss of the thermal
control coating. However,.if the argument presented by,
Gilligan and Zerlant- (Ref. III-5) concerning the.relation-
ship between photodegradation mechanisms .and the.surface
adsorbed states of oXygen is coxrrect, this surface-loss
coupled with the very low partial pressure of oxygen in
space could prove to be a significant factor in explaining
the difference between laboratory and space degradation of
the coatings.

The sputter yvield of the heavy ion component would be
dependent on the mass and energy. If.one uses a worst case
which invelves approximating the sputter yiedd to be’

10 atems/ion based-on the comparison made by Grgnlund and
Moore (Fig. III-8), the coneentration of these ions would
have, to-be. 1% of the solar wind to preduce the same effect
as the protons. Because the heavy- ion concentration is ap-
proximately 1%, this mearis their.contribution-has an effect
eguivalent to that of the protons.

Although sputtering may be considered to be negligible
for operation in space, it can be a most serious problem
in the laboratory simulation of these thermal control
materials. These problems involve (1) the sputtering of
metals ‘from the other components onto the samples, (2) the
sput?ering of the dielectrics onto metal electrodes, and

(3) the sputtering of charged particles (ions and electrons).
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SECTION IV
COMPONENT COMPARISOl\f AND SEi;ECTION
A, ION SOURCES
Introduction

The. characteristics of the ion source affect all the
other major components of thé system — the ion optics, the
mass separator, and the vacuum station itself. Fortunately,'
for this study, proton sources have played an important role
in nuclear physics for many years, so that a large body of
information is available to define and compare the wvarious
possible source configurations. Before considgring indivi-
dual ion sources in detail, it is appropriate to interpret
the previous section in terms of the conditions which. it

imposes on the ion source.

a. Total Ton Current

- The proton flux in the solar wind is nominally
2 x 108 part:'u::les-cm—2 sec"l. This is eguivalent to 3 X 10_11
A cmfz. In order to conduct-accelerated tests, it may be de-

sirable undexr some circumstances to operate the simulator

at 103 times the nominal solar intensiiy, or 3 x,l()—8 A cm_2

This requirement, coupled with the desire to irradiate-an

array of samples of 10 cm dlameter means that the total
proton beam current at the target must range from 3 x 10 9,
-6

to 3 x 10 A. Depending on the exact system used, the at-
tenuation of-the proton beam és it passes through the ap-
paratus may be of the order of a factor of- three, thus mak-
ing the total required protoﬁ current from the source approx-

imately 10—5 A. The total output current.from the source is
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even. higher because only part.of the emergent ion beam is-
composed of protens. Perhaps the mest important feature of
this discussion.is the fact that the proten current must be
adjustable over three orderé of magnitude; this is difficult

to accemplish with some types.of ion source.

b. Ion Energy

The bulk of the protons in-the solar wind range in
energy from 0.5 to 3.0 kV. In the simulator this is the
veltage that is-imposed between. the source and-the target
(i.e., the.net veltage-through which the protons’'are acceler-
ated) . In order to provide the necessary experimental flexi-
bility, the apparatus must -be designed so that the proton
energy is variable, at.least over this range. While-this is
an added complexity that will be discussed in some.detail in
the section dealing with ion extraction from the source, -it
is well.within the capability of the designer to make the
instantaneous-ion energy a variable. This should not- be
confused, however, with the virtqallj impessible task of
providing- an, ion beam which contains a controllable mixture
of all ion_eﬁefgies at-a given time. Fortunately, the latter
is not required for an-accurate-similation of solar wind.

A related. characteristic is the energy spectrum of the
ions.inside-the ien source. For reasons that will be made
clear.in the following sections, ien-sources typically do
not produece ions-of a single discrete kinetic -energy. De-
pending on the source, the enerqgy- spread may range from a
few volts to several hundred electron volts. This energy
spread appears as an uncertainty in the final proton energy
at the target., While this may not be detrimental to the
ex@eriment itself, it does impose severe limitations on the
design of the ion beam transport and separation systems.
Therefore, an ion source with a small energy spread is-
desirable.



c. Mass Efficiency

Mass efficiency N is used to define the per-

centagé of hydrogen atoms that actually leave the source as
protons.

n = 100 x rroton current
ampere equivalent of hydrogen

where 1 cm3 hour_l of hydrogen gas at STP = 2.5 equivalent mA
of protons. A high mass efficiency is desirable to reduce
the gas load from the ion source on the system and to reduce
the neutral density in the region immediately downstream of-
the source. This reduces the creation of charge exchange
ions which contaminate the beam {see Section III—ﬁ—Zd.

d. Source Lifetime

The useful lifetime of the source is important for
an apparatus in which experimental simulation may be con-
ducted in real time. The arbitrary, but realistic, lifgtime
goal set for this design was 1000 hours (v 6 weeks). In some
sources there is a reciprocal relationship between useful
lifetime and ion current intensity. This is fortunate be-
cause in general an experiment conducted.at an .intensity of
several equivalent suns will not run.as long as a real .time

experiment.
e. Stability

Reasonable stability isjrequired so that the experi-
ment may run unattended for several weeks. In general, it is
possible to stabilize any source by properly contrblling the
input hydrogen flow and the electrical parameters. It may
be- difficult, however, to.maintain stable operation over the,

théusandfold range of ion. beam intengity specified above.’
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If possible, it is thus désirable -to anticipate the current
level at which most of the testing will be done and design
for this mominal point. If this cannot be done, maximum
source stability should be sought at the low beam intensities
where -long tests will be conducted. As discussed in Section
III-A-2, a rastered beam eliminates the need to vary.the
source intensity.

The above characteristics provide a scale against which
the various sources may be compared. Where possible this
comparison is made gquantitatively in Table IV-2, which follows

the discussion of the individual source characteristies.

2. Proton Creation Processes

Regardless of the type of ion source, proton creation is
typically a- two-step process of dissociating the molecules
into hydrogen atoms which then are ionized. This ionization
must occur rapidly because atomic- hydrogen readily recombines
to form the molecule, particularly on the walls of the ion
source. Even after the proton is created it is likely to
strike the walls of the source, lose its charge, and recombine
with another hydrogen atom to form a free molecule, rather
than passing through the ion extraction system into the beam.
The large number of opportunities to lose the proton or hy-
drogen atoms explain, at least qualitatively,why proton guns
are inherently rather inefficient in both mass and power

efficiency.

a. Molecular Dissociation

The most direct metﬁod of dissociating hydrogen
molecules is-by heating. The percentage of atomic hydrogen
is plotted as a function of témperature in Fig. IV-1 (Ref.
IV-1). Clearly the high temperatures required make it very

difficult to implement this téchnique in a practical ion
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source design. A second method is to break up the molecule
in a spark discharge. Little quantitative information is
available concerning this method, but it is apparent that
dissociation will occur only in a localized region and may
be difficult to control. The third, most commonly used

technique is that of electron impact. The reaction is

H2+e—>H+H+e.
Because this reaction is closely related to the production
of protons by electron impact, it will be discussed in the

following section.
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Fig. IV-1. Thermal dissociation of H
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b.

to form protons is by electron impact.
techniques employing either static or dynamic electric or

magnetic fields or combinations of

Tonization

The only practical means of ionizing hydrogen atoms
A large variety of

to accomplish this goal.

have listed the reactions possible

Goodyear

impact on hydrogen, as shown in Table IV-1.

TABLE IV-1

+the two have been devised
and Von Engel (Ref.
as a result of electron

IV-2)

Reactions Due to Electron Impact on Hydrogen

Number Process gﬁgi;;?lgv Croggjéggg%on ﬁzirggogg
(10 cm<) Section, V.
1 Hte »H+ H + e 11.5 0.6 12
2 Hyte + H; + 2e 15.4 1.1 80
3 Hy+e - H' + H + 2e 18.0 0.005% 1207
4 Hyte > H' + H' + 3e 46 0.005 120
5 Hyte > H + H + e 12.4 3 to 16 16
6 Hyte * H + H i 0 " 100 —
7 H+e>H + 2 13.5 0.65 40
8 H+ e > H* + ¢ l10.2 0.7 25
9 H* + e+~ H + 2e 3.3 15 9
10 ﬁ2+e - H§ + e 10.3 0.2 60
11 H; + H2 e H; + H Thermal Large —_
H* = Ian excited state of hydrogen
!
8The value of ¢ = 0.005 for process 3 is probably a typographical error.
Kieffer (Ref. IV-3) cites two experimental values of ¢ = 0.058 for pro-
cess 3 with the electron energy at the maximum being about 105 eV.
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Reaction 1 of Table IV-1 is the dissociation reaction
discussed earlier. The atomic hydrogen thus feormed may be
ionized by a reaction such as 7 to form protens. This mech-
anism competes with the direct ionization from the moléqule_
shown in reaction 2 (see Fig. IV-2}. All of the other reac-
tions listed contribute little to the formation of protons’
because their cross section is small, the threshold’ energy
is high, or the occurrence of the target species (i.e., mo-
lecular ions or excited states) is only a small fraction of
the total hydrogen content. Figure IV-3 expresses this same
information in a somewhat different manner by illustrating
the percentage of total ionization in the beam which these
protons represent as a function of electron energy. Reaction
1l of Table IV-1 indicates that the production of free hydrogen
atoms will be maximized in a discharge if the mean energy
of the impacting electrons is 12 V.

c. Recombination

Obviously, one means of sustaining a high fraction
of atomic hydrogen in the ion source is to reduce the rate
at which the atoms recombine to the molecular state. This
recombination is a radiationless process requiring the pres-
ence of a third body. At pressures above 1 Torr appreciable
volume recombination may take place by three body cellisions;

below this pressure, however, wall recombination predominates.-

If any metal surface exists in the discharge chamber it is
readily reduced by the hydrogen, and a surface hydride is-
formed. On such a surface, it is energetically probable that
two hydrogen -atoms can approach each other to form a molecule
and then escape as a neutral molecule, with any energy differ-
ence being communicated to the metal. For materials such as
A1203 and SiOz, whose oxides are not readily reducible, sur-

face oxygen saturates the valency bonds and incident hydrcgen
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is not captured. This effect weakens after long exposure to
atomic hydrogen and even- these materials are reduced -to the.
metallic state-at .the surface, and recombination occurs.*

Typical repdrted wall - recombination rates for atomic
hydrogen are )

pyrex 2% 107°
. quartz 7-x 1074
A1203 0.33

all metals 1.0

ice ~ 0.

It can be concluded from the above that recombination
may- be- reduced by the proper cheice of material- for the,
source walls and géod design practiee which reduces any
sputtering or evaporation -of metal ento the source walls.
The chemical nature of the material being ionized (hydrogen)

will ultimately degrade any.-material.and increase the wall
recombination rate.

3. Types of Proton Sources -

There are a large number of generic types of ion- sources,
each with many individual designs, which will produce a pro-
ton beam. An excellent-review of the basic-types. was pre-
sented by- Hoyaux and Dujaxdin (Ref. IV-4). New materials
teghnolggy and fabricatien techniques, have-improved the
sources since that time, but the-basic conecepts remain the
same, In this section we limit the discussion to-establighed
?oﬁcepts whose performance has-been documented in- the tech-

nical literature. Several sbdurces are now commercially

*
For reference, satisfactory operation of an rf source, for
1000 hours has- béen reported.
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available and may be purchased complete-with the necéssary
power conditioning to operate with guaranteed specifications.
The ready availability of spare parts makes these sources
particularly attractive to a user.

All of these .sources.dissociate and ionize the hydrogen
by electron bombardment. Thef differ radically in-power re-
quirements and general operating conditions, Of particular-
interest for this application are two requirements mentioned
earlier which are. not always censidered for the same applica-
tions. The first is a minimum kinetic ien energy spread in
the source. This is important to permit satisfactory. mass
separation at the relatively low beam energies used here.

The second is the ability to vary the soeurce output current
intensity ovetr a wide range to accemmodate the required flux

variations.

a. Radio Frequency Ion Sources”

The radio frequency ion-sourece, sometimes -called an
electredeless discharge source, has-been a standard for many .
years in high veltage-particle accelerators used for nuclear.
physics experiments. RF power is .coupled into a quartz (or
other insulating material) tube containing hydrogen gasg at a
pressure ranging from 10 to 100 pym of mercury:. The mean free
path-of an electron in the seurce is on the order of 1 cm.
Thus, electrons will be: accelerated by the imposed electro-
magnetic field and will participate in the reactions listed
in Table IV-1l. Under the proper cenditions, stable plasma
similar to that discussed later will be created, from which-

an ion beam may be extracted,

*
A comprehensive review of the rf ien source was madé by Blanc
and Deghilh (Ref. IV-5).



Two techniques are possible for coupling the rf energy
to the plasma, as shown in Fig. IV-4. Electrostatic coupling
is accomplished by inserting a pair of electrodes into the
‘discharge chamber. The electric fields are maintained by
the charges on the electrodes. The electric fields are
relatively high and the circulating currents are relatively

low compared with the magnetic coupling discussed below.

HRL 210~ 36

LD

Fig. Iv-4.

Modes of coupling power into an
rf ion source. (a) Electro-
static. (b) Magnetic.

It is reported that the electrostatic source is easy to start
and that it will work over a wider pressure range than an
electromagnetically coupled source. At very low source pres-
sures (v 10_4 Torr) the electrons are produced by secondary
emission at the walls rather than by ionization in the gas.

The primary disadvantage of this device is that the high elec-
tric fields create an ion population with a large energy spread,
which should be avoided in the choice of a source. This spread
in ion energy can be reduced somewhat by increasing the fre-

quency of the driving signal. One example of this technique
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is the source-developed by R.N. Hall (Ref. IV~6), which im-
merses the plasma vessel in the fringing field of an open

end ceaxial transmission line. The coupling was essentially
electrostatic and the frequency used was 450 MHz., At this
frequency, iens cannot respond to the applied voltage and

the energy is coupled preferentially into the electrons. The
exact ion energy was not stated. However, the beam could

be brought to "pin point focus at the target," thus indicating
a low energy spread.

The second, more commecn, coupling method is to place the
discharge chamber inside a solenoid which is activated with
rf power at approximately 10 MHz. The alternating magnetic
field generated in the discharge chamber accelérates the
electrons. .Generally, the induced electric fields are rela-
tively small here and the circulating currents are somewhat
larger. than in the eleétrostatic design. Energy spreads
ranging from 20 eV (Ref. IV-7) to 65 eV (Ref. IV-8) have
typically been reported for this device. The lower electric
fields make this device somewhat more difficult to start,
particularly at low pressures. Quite frequently an axial
magnetic- field is used to increase the electron path length
and to improve stability. Improved operation at the cyclotron
resonance frequency has been.réported (Ref. IV-9).

Beam currents up to 1 mA are typically-repofted for this
type of source. Proton fractions up to 90% of the total ion
current-in the beam have been eobserved under optimum condi-
tions; 50-to 70% is common for well designed sources: Hydro-
gen consumption varies ac¢cording to source design but is
typically of the order of 4 cm3/hour at STP for 1 mA of out-
put beam. However, it may not be possible to scale down the
gas flow directly with beam current. Operating fregquency

varies as well, ranging from 1 to 400 MHz; 10 MHz is common,



and rf power requirements are. a few hundred watts. Source
lifetimes of 1000 hours at the current levels required for
this application are reported (Ref. IV-8).

Of the various sources surveyed, the electrémagnetic
rf idn source most nearly meets all the requirements. It-
fully meets the beam reguirements and is adequate -in terms
of mass efficiency and proton yield. If this type of source
is to be designed or adapted te this application, care should
be taken to assure stable operation over léng periods by
choosing high guality materials for its-construction and
designing both. the power supplies and the hydrogen feed sys-+
tem with stability as- a primary consideration. An effort to.
extend the stable operating region to the widest possible
current density range would also improve its adaptability to

this task. - A typical rf source is shown in Fig. IV-5.

b.  Electron Bombardment Sources

As the name implies, electron bombardment sources
ionize by dirégt,impact of electrons on the hydrogen molecule
or atom. The distinction hexre is that in contrast to other
types of sources, conditions are sltch that no plasma is
created-nor is any arc or discharge struck. A common example
of this type of device is a hot filament ion gauge tube in
which the number of ions created is linearly_related to the
pressure over several orders of magnitude. For purposes of -
discussion, electron bombardment ion sources are divided into
three types — low voltage, high voltage or canal ray, and
crossed beam.

(1) Low Voltage Source — The low voltage type of

source has been used for many years in mass analysis because
of.its ability to ionize any material that can be vaporized,
Typical of the type most useful for the purpose at hand is

that described by Redhead (Ref. IV-10). A modified form of
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this source is shown schematically in Fig. IV-6. Hydrogen
gas is introduced into the ionization region, where it is
bombarded by electrons with the resulting production of pro-
tons governed by the equations of Table IV-1 and Fig. IV-2.
The axial magnetic field significantly increases the electron
path length and hence the source efficiency. The electrons
are axially restrained by holding both ends of the discharge
chamber at cathode potential, thus making it energetically
impossible for electrons to reach them after any energy loss.
The repeller electrode is maintained at a positive potential
to provide an electrostatic field in the proper direction

to sweep positive ions toward the extraction aperture. The
magnetic field, which does not appreciably affect the tra-
jectories of the ions, prevents the electrons from being
collected on the repeller without having first suffered a
collision. The electron cloud forms a potential well which
traps ions. Redhead has reported that this type of source is
capable of trapping ions in the source for periods as long

as 1 sec. This is desirable in a proton source because when
a proton collides with the metal wall of the source, it is
re-emitted as part of a hydrogen molecule and must be both
dissociated and ionized again to be useful.

This type of ion source has several advantages. Primary
among these is that it fulfills the two desirable criteria
mentioned earlier. It is adjustable in current over several
orders of magnitude and produces ions with a relatively small
energy spread, ranging down to less than 1 eV for specially
designed sources (Ref. IV-11). The primary difficulty with
this type of ion source is that the mass efficiency is of the
order of 1% or less. Thus, it presents a large gas load to
the system when operating at high output currents. A second,
and less important, disadvantage is that the source requires
a thermionic cathode, which is subject to contamination and
has a finite lifetime.
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Commercial sources of this type generally are relatively
complex because they are designed to ionize a wide variety of

materials. A much simpler model designed specifically for

this purpose is in use at Hughes Aircraft Company (Ref. IV-12).

It is capable of producing a proton current eguivalent to

2000 times the nominal solar wind value over a 2.5 cm diameter

circle. Input power i1 about 20 W. The entire vacuum station,

including the source chamber and the integrating sphere, is-
pumped by a single 400 -liter/sec ién pump. A single- feedback
loop that monitors the emitted-ion beam current and adjusts
the cathode emission to compensate for drift in line voltage
or hydrogen flowrate serves to stabilize the beam for periods
of several days. This is shown in Fig. IV-6({(b)}.

(2) High Voltage or Canal Ray — This is perhaps

the oldest type of ion source, having been used by Thompson
in some of his early experiments. The source is basically

a diode that operates with a pressure of about 10“2 Torr of
hydrogen. Protons are created by electron impact as the
electrons traverse from cathode to anode. A small hole is
drilled in the cathede so that some of.the ions which natur-
ally fall teward the cathode pass through the hole and form
a beam — hence the name "canal ray." Such sources typically
are-operated at greater than 20 kV and consume several kilo-
watts of power.

While such sources have several merits, their overriding
disadvantage for our application is that the energy spread of
the-ions is approximately 1/5 the total source veltage —
typically 5 kV. This energy spread is fundamental to this
type of source and arises because ions may be created-any-
where in the source volume and thus may arrive at the cathode
after falling through a potential drop up to the full anode
voltage.
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(3) Crossed Beam Sources — This type of device has-

more often been used to detect or analyze an atemic: beam

(Ref. IV-13), but it could serve as-a source of protens as
well. Basigaily a beam of thermal hydregeh atoms or mele-
cules is-bembarded by an. electron beam or passed through a
cloud of electrens trapped in_ a magnetic field, as discussed
abqvel The preobability of ionizatien is much less -than in
tﬁg'closed volume of the low voltage electron bombardment
source, bup the protons created have a directed energy toward
the extraction aperture where the beam is formed. This re-.
sults in high utilization of-the protons that are formed., If
the incident hydrogen béam can be dissociated by a spark or
by thermal means prior te lonizatien, the -efficiency can be
increased even more. ) '

Unfertunately, the relative merits 6f this system cannot
be adequately assessed becausé ne published data have- been
found that are- pertinent to the system descriked, The closest
work appears to be that published -35 vears age-by-Smith and
Scett (Ref. IV-14). Its lackef reported use as a proton
seurce appears to indicate that it is inferior te other de-

signs, probably because of.its high gas consumption.

c. Gas Disgcharge- Source.

The distinguishing feature-of. this type of-source--

is- that- a discharge is struck between cathode-and anode and

‘the protens are -extracted from the-volume-of plasma:which is

created: While a:detailed discussion of the plasma is. beyond
the scope offthiS'repért,_sqme of its unique .properties are
impertant -te an-unde:standing}of‘thg source oPeratienq

A plasma is a collection .of equal numbers of electrons
and iens and is thus macroscopically neutral.. Individual
electrons and ions-travel independent pathé, but on the aver-.

age are attracted to each other by electrostatic forces. The



electrons generally have an approximately.Maxwellian energy-
distribution ‘with 'a mean energy of 1 to 10 eV (104 to lO5 °K) ;
on the other hand, .the ions have a mean-energy approximately
equal to that associated with the témperature of.the ion
source walls, (i.e., 300 to 500°K). The electrons, which
have low mass, are easily confined by a magnetic field. The
protons, which are 1836 times heavier, act more as a gas and.
are influenced primarily by collisions with the walls and
other particles:

Because the charged particles-are highly mobile, voltage
gradients cannot-exist within the plasma except under very
unusual -circumstances. Thus there are, in general, three
distinct- regions in the discharge:  the main body of the
plasma, plus two plasma sheaths, one at the cathode and one

at the anode (as shown in Fig. IV-7). Large  current densities

of-electraons may be. carried from the cathode across the plasma-

sheath because of its relatively small dimension {(typically

1.0 em). The ion current arriving at the cathode has been
shown by Bohm (Ref. IV-~15) to be
kTe)l/ 2
J. = n,e —
i i m,
i
where -
Ji = ion current density
n, = ion density iid plasma
e = electronic charge
k = Boltzmann constant
Te = electron temperature
m, = ion mass.
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The ion flow to-a nonemitting surface at cathode potential of
to, the anode 'is somewhat less due. to the absence ‘of - the
counterflow1ng electrons whlch neutralize part of the-ion
space-charge. Ion emission from the plasma surface is bene-
ficial because it provides-a ﬁéchanism by. which ions may be-
extracted from the plasma; but-it is detrlmental because ions -
1mp1ng1ng on the.cathede sputter the cathode surface and
ultimately destroy

It is obvious that a number of sources can be designed -
based on the discharge concept. These are summaﬁiZed here
under three classes: capillary arc, and crossed-electric
and magneﬁic field devices working at high -and low-plasﬁa

density.

(1) Capillary Arc — In a capillary arc soeurce:; the
diecharce between cathcde‘end:gnode is physically constricted
and-made- to pass through a capillary tube., This increases the
power density in this region and improves the -mass efficiency-.
and proton output. The ions. have a-relatively small enexgy
spread. Eveh.though~the characteristics -of this source- ap-
pear attractive, it has not been in general use since the
advent .of the crossed-fiéld sources- described below and the-
rf source described above. The .principal reasons appear to
be- the short lifetime of the thermionic cathode and the
tendency for the.source to be unstable-.

- (2} Low Plasma Density Crossed Field Discharge —

The crossed field discharge_sources are’basec on the same

" mechanism of electron confine@ent described above — an axial
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magnetic field which confines the electrons radially, coupled
with electrostatic barriers at each end of the field lines.
wh;cﬁ reflect.the electrons at these points. The"fact that
the. electrons exist -in a plasma coes net affect.thie trapping

mechanism. Low voltage devicés of this nature were first

13
v



HRL 210-4

| L 1 ions
| AND FAST
| l ELECTRONS
ANODE— — = — — — —— —— ——— ——
| [
| S
9 le—————PLASMA—— =] ]
& = ]
5 4 | |
S 7‘ ] |
g | |
g | ANODE SHEATH—#]  |ea—o
| |
a |
-t
CATHODE | | L
DISTANCE
—- ~e—— CATHODE SHEATH

Fig. IV-7. Voltage distribution in a simple plasma
‘discharge.

HRL 210-5

MAGNETIC FIELD

' 7 S IO EXTRACTION
. Fig. IV-8.
‘ Low voltage crossed

field ion source
(Penning source).

N

CATHODE

\

PLAS ANODE ANT) CATHODE

=z
b=

69



70

described by Finkelstein- (Ref. IV-16) and independently by
Penning (Ref. IV-17) in about 1940. They have subsequently
found wide application in many fields of plasma physics and
gas discharge devices. For example, ion éngines for space
propulsion- based on these principlés produce mercury ion
béams with currents-up to 2 A. )

A schematic diagram of a typical source is shown in
Fig. IV-8. The potential diagram of Fig. IV-~7 is appropriate-
to this type of device. Operating parameters depend on thé
specific source désign; typically, however, -the discharge
voltage is less than 100 V, the magnetic field is 100 gauss,
and the discharge current is 5 to 50 times the extracted ien
beam- current. The source. requires a pressure in the discharge
chamber of greater than 10—4 Torr for stable operation. Under
optimum operating conditions the mass efficiency can approach
100%, although the proton fraction may be'quite low as a re-
sult of the difficulty of maintaining a dissociated hydrogen
gas in a metal container., The ion energy spread is on the
order-of 10 V, depending primarily on- the discharge voltage.

In-many ways the characteristies of this source resemble
those of the electromagnetic rf source. It will produce med-
ium to high currents with a relatively low ion energy spread.
It is inferior to the rf source in the percentage of. protens
in the output beam. It reqguires more complicated - power sup-
plies, plus a thermionic cathode which has a finite useful
lifetime due to sputter damage by ions-which fall through- the
cathode sheath voltage. Should an application akrise where a
large beam on the-order of 1 m diameter is required and where
the beam purity is-not important, this source would be
excellent.

It is also possible to operate a similar device at much
lower pressure but a much higher magnetic field and higher
discharge voltage (Ref. IV-18). This type of operation does
not require a thermionic cathode, but gives only low ion cur-

rent yield with a high energy spread.



(3) High Plasma Density Cressed Field Discharge —

By combining the crossed field discﬁarge concebt'with a‘me—
chanical -construction. of- the discharge, Von- Ardenne (Ref,
IV-19) designed the duoplasmatron icn source. At -present the
high current capabilities, stability, -and relatively trouble-
free operation of this device are being.exploited in its use
as an ion séurce for high -vdbltage -accelerators. It has also
been considered for use as an ion thruster for space vehicles
and as a very high.intensity electron- source for electron
bombardment:heating,

A typical dueplasmatron. idon source is shown in Fig. IV-9.
The arc is struck between tlie cathode and anode by applica-
tion of 100 to 200 V, depending on the gas’' pressure: The
arc is constricted both by the aperture in the intermediate
electrode and by the highly nonuniform magnetic field in the
region between the intermediate electrode. and the anode.
This double- compression of the arc produces the desired high
plasma density in the anode aperture: As shown in Fig. IV-10, -
the arc voltage consists of the cathode veltage drop of -about
25 V; the double sheath-in front of the canal epening on.the
cathode- side, and 2 to 3 double sheaths inside the -canal.
Each.of these sheaths cénsists of-potential jumps of 25 to
30 V. The rest ig distributed over- the normal plasma voltage:
gradient. The electrons are accelerated toward the anode
and the ions toward the cathode, passing the double layers.

The magnetic lens becomes effective in the final third
of the intermediate -electrode canal; it detaches thg_plasma
from the canal wall and focuses it at the emission opening.
This portion of the discharge-is-called the anode plasma.
Losses of iens to the walls in the anode plasma .take place
now only between the topmost double layer and the boundary

of discontinuity in the canal, as well as at the anede. -
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These 1os§es must be cémpensated. For.this-reason, ions must
flow out of. the anode plasma into the canal as well as upward -
to the anode. This is possible only if a positive potential
hill exists in the plasma between the cathode and the anode.
This potential hill can arise only when positive gpace-éﬁarge
is being produced by heavy ionization. This is precisely
what happens; the high energy electrons that have been ac~-.
celerated through ‘the last deouble layer, enter a region of
high current-density and thus of a‘high degree of ionization
by meéns of magnetic focusing. The potentialrhill accelerates
ions in both axial directions. One part flows into the canal
of- the intermediate electrode and the other toward the .emis-
sion aperture. The magnitude of this negative anode drop is
not constaht. It depends on the gaé pressure, discharge cur-
rent, and above all on the-potential of the intermediate elec-—
trode. If the -intermediate' electrode potential -is- increased
in the negative direction to about the potential walue oh

the cathode, the ion losses -to the walls increase considerabily
while the electron current:to the intermediate electrode de-
Ccreases., The .increase-in the ion- losses to the walls in the
upper end of the canal reguires an increased ‘ionization in

the anode plasma, which in turn reéults in an increase in

the potential hill and in the plasma density.

, This source produces the highest current-density of any
type.of ion source. Unfortunately, this is-a disadvéntage

for our application because, as-will be shown below, . such a-
high current beam cannot be focused Without the application
of very high extraction veltage (tYpically 10 to 100 RV):

This is, of course, far higher than desired here. This fac-
tor ovetrshadows the other desirable features of the source —
its.high proton yield, high-mass efﬁiciency, and stable

operation. As seen by-thé explodedlview of a source- of this-

r
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type. (Fig. IV-11). recently constructed at HRL (Ref. IV-20),
the mechanical -design is guite complex, making source cen-

struction expensive.

4, Selection of Ien.Source--

A number of the proton sdurces most useful for this ap-.
plicatien were discussed-above. Table IV-2 summarizes ﬁhe
important characteristies-of-each. While-no-one source
possesses all of the desirable characteristics, the
electromagnetically coupled rf source and the .-low vbltage-
electron bombardment ion source most- nearly- £i11 the require-
ments. The electron bombardment source is sﬁperior in terms -
of- lower ion energy spread and variable current‘operation.

It is a logical choice for small dlameter beams or in experl—
ments requiring ion fluxes to the order of 100 solar con-
stants. It is qguite possible that further optimization of
this design would increase the output-current by an order‘of
magnitude and make- it .generally useful over the entire:range
specified-by this contract..

Based on current technology, however, the rf source is
most suited te the system reguirements -set forth-here- be-
cause it can easily reach _the current levels desired, hae a
nominal lifetime of 1000 hoeurs-that is adequate- for mest ex-
perlments, and produces 'a beam-that is-rich-in protons. With-
proper care, the twe marginal characteristics (the inability
to vary the output- current level and the ion energy spread
of v 50 eV} can, be accommodated—by the design of the.ion
optical.system and the,maés separator. No design pregram
has yet been undertaken w1th the specific-goal of 1mprov1ng
these-characteristics; it is very llkely that they also can

be improved to make this source more useful.
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TABLE IV-2

Proton Sources

Gas Consumption,

m

cathode

Beam : em3/hour at STP/ Operating Lifetime, Power Supply,
Type of Source Current - Proton%YJ.eld, mA/ltass Utiliza— Pressure, éogeigerg§ Control, etec. Advantages Disadvantages
Range, mA tion Efficiency, um P :
% 2
6 to 20 Life to 1000 hours; supplies Long life, and high percent Narrow beam current range
Electromagnetic 0.1 to 20 - 50 to 90 cm3 STP/hr 1 to 40 20 to 100 saimple; control average of protons
Radio Frequency e
-2 Low operating pressure and Wide energy spread
Electrostatic less than 0.1 above 10 100 beam eurrent
10_5 and < .
Low Voltage wide range 10 n, v 1% above few eV Life 1000 or more hours Wide range of beam current Low mass utilizataon
Electren High Voltage Laxge Life-long (no filament) Hagh power and large energy
Bombardment {Canal Ray) Up to 1 25 to 60 i » 10% 1oco (1/5 arc drop) high power (kW) spread
. high for Life limited by thermionic Low energy spread and wide Low beam current
Crossed Beam low current glssocn.ated n, v 1% N.A. low ~ 1 cathode range of beam current
eam .
; 10 o 20 . Life 20 to 50 hours due to Monoenergetic Short life, complicated elec-
Capillary Arc up to 4 10 to 20 cm3 STP/hr 1 to 30 few & cathode | tronics, hard to stabilize
— . . . Reguire several power supplies High mass, wtilization and Current too high
@ | High Density high > 10 50 n, v 100% 10 to 100 few eV and possibly cooling water high proton yield
Gas Discharge EE
. Life limited by thermionic N Trade for proton yield
§% Low Density high > 10 5 to 60 n_ =1 to 100% 1 to 10 10 ¥ ’ Mmass ® yres,
°g

cathode life, or enexgy spread

EOLDOUT FRAME

FOLDOUT FRAME

2

75




e e Rl b T - SR Sl Loy st U St A

PRECEDING PAGE BLANK NOT FILMED.

M 5474

Fig. IV-11. Duoplasmatron ion source components.
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e Ion Extraction Systems

The foregoing sections have discussed a number of proton
sources. To be useful, these protons must be extracted from
the source and focused into a beam. The ion extraction sys-
tem which accomplishes this forms a critical interface be-
tween the source and the ion transport system which controls
the beam shape en route to the target.

The theory of charged particle focusing has been investi-
gated extensively in the development of electron guns used
for many purposes. Because the focal properties of electro-
static lenses are independent of particle mass, the theories
derived for electrons are egually valid for protons.* The
principal difference is that the currents that may be carried
with a given set of lenses and accelerating voltages are much
less for protons than for electrons because the particle ve-
locities for a given accelerating voltage vary inversely as
the square root of the mass. This reduced velocity also
means that the number of charged particles per unit volume
in the beam, and hence the space charge forces, are much
greater for ion beams than for an electron beam with an
equivalent current density and beam voltage. This also may

be expressed by saying that at the same beam voltage an electron

and proton beam will have the same space charge density when

the proton current is 1/43 of the electron current since

Jme7mH = 1/43.
a. Extraction of Protons from a Plasma, Compared with

an Ion Cloud

The ion sources discussed above provide protons in
two distinctly different environments — a plasma and an ion
cloud. The first occurs in all high density sources (such
as the rf source and the various E x B sources) and the second

TN
This is not true for magnetic focusing (which is not of im-
portance here).




in.the low-¥oltage electron bombardment’ source,.particularly
when operating at. low pressure, The difference is as follows:
when extracted from a plasma the protons effectively come
from a surface; when extracted from a charged cloud they come
from a volume or at-least a surface of finite thickness.
These concepts are illustrated-.in Figs. IV-12 and IV-13.

Once the electrode shapes are chosen and the veltages.
are applied, solution of Laplace's "and Poissonfs.équatiohs
describes the electriﬁ field-and charge distributions in- the
beam. The particle trajectories may be:.calculated from this
information because- the particle trajectories and velocities
determine the charge distribution. The calculation i& an
iterative one; when done-in.detail, it taxes the capacities
of even the .largest digital computers. A further complication
is added by the effect on the ion-creation process of the-
motion of the plasma sheath or the extraction of ions  -from
the ien cloud. Only recently have' techniques become available
to model this phenomenen (Ref. IV-21), which requires- further,
iterations to achieve a- totally self-consistent solution.

When extracting from ah ion cloud as shewn in. Fig. IV-13,
it is apparent that eonce the equipetentials are-esgtablished '
the trajectory and final energy-of. an ion originating from

any point are known. Clearly, in order-te maintain a small

energy- spread in the emergent beam,.only- equipotentials covei- .

ing a small voltage-range should bulge into the source volume.
It is also clear that the repeller electrode which pushes
ions into the region from which they are extracted will in-
crease the source output-. Thetdifficulty in any such model
is that the spatial :and enefgy distributions -inside-the source
génerally are not known in detail.

Ion extraction from a plasma surface as shown, in Fig:
IV-12 has- been studied by a n@mber of authors interested
in producing high intensity ion beams (Ref. IV-22) and those-
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interested-in designing long life, efficient ion thrusters
for space propulsion (Refs. III-23, III-24). Hyman (Ref.
I1I-23) has provided a functional model based on the criteria-
that (1) the plasma surface is an equipotential, (2) there is
zero field gradient .on either side-of the plasma surface, and
(3) all ions-which arrive at the surface of the plasma must
pass through it and ‘be carried away in the beam. These con-
cepts have been used by Kramer and King (Ref. IV-24). to cal=-
culate the divergence of the ion beam-as- a function of ion
beam current, applied voltage, and electrode shape.

Designers .generally have attempted to control the posi-
tion of the plasma sheath.by the shape of the electrodes and
the applied voltages. An attempt has been made (Ref. IV-25) .
to provide independent.control by stretching a fine mesh-
across the extraction aperture to provide an attachment point
for the sheath. Although not stated there, the mesh -openings
should be less than the Debye distance* in the plasma to ade-
quately define the plasma surface. By this means the plasma
surface has been.-fixed and the beam stabilized over a range
of current and voltage values. In particular reference is.
made to removing some of the instabilities-that occur ih an
rf source operated at high efficiencies. It is not made
clear, however, what effect the introduction of the metallic
grid into the discharge chamber of-the rf source had on thé
proton yield {(due.to increased recombination of -the atomic
hydrogen or protons) or on source lifetime (due to deposition

of sputtered grid material 'on the source walls),

—
Debye distance = ) = (eok’I'e/neez)l/2 “v0.01 em for typical _
plasma source where € = permittivity of space.= 8.85 x-10
farad m~Ll.

12
o

81



82

b. Ton Gun-Perveance

A useful concept-for describing the -perfermance of

ah ion gun is its perveance, which is defined by the egquation

. oy3/2 _
. GV (Iv-1)
where
I, = ion beam current
Vi =, total extraction-voltage
G = perveance. -

The, perveance 1is a quantity calculated by the techniques dis-
cussed above (Ref.-IV—24).q 1t depends oniy on- the relative,
dimensions of the electredes. Thus, an ion gun of given ex-
traction geometry operating at a given voltage . will focus a
fixed current, regardless of the-aperture size (i.e;, the
current-density will increase as the aperture_dimgnsiong
decrease) . - B
As_discuséed earlier, the.gource must previde a maximum,
of approximately 10 uA of protens. Assuming that the protons..
represent only 40% of the total-ien béam; a toetal -current of
25 pA must be extracted from the source. The current‘densii
at a source with extraction area of %0_2 cri? will be '

25 x 107° A

source 10—2

2.

J = 2.5 mA cm

cm

The perveance of- the ion extraction system must-simultaneously
handle all the charged species at-one time. Assuming-that: the

beam is 40% HI, 50% H;, and 10% H;{ the required-perveance
(I/V3/2) for the different-species is, at 500 vV,



-5

G, = 10. ;o= 9 %1010 ay~3/2
H 1.12 % 10

1.25 x 1077 —9 __-3/2
G-+ = : i = 1.1 x-10 .7 AV
H2 1.12 x%x-10

2.5 x 107° ~10 . .~3/2
G, = 2 r = 2.2x10'0ay
B 1.12 x 10

Because the perveance of a given geometry varies inversely

as the square .root-of the mass of the charged particle being-

accelerated, the equivalent proton perveance required -

the extraction system is

G, = 0.9x10° x1 = 0.90x

i i

proton equivalent ¢ . = 1.1 x.107° x /2 = 1.56 x
Hy

proton equivalent G; = 2.2 x 107 x v = o0.38 x
3

proton perveance reguired
at 500 v = G + = 2.84 x
H
at 2000 Vv = @G + = 0.36x

v

for

9 3/2

10" 7 av~

1072 ayv3/2

1077 avT3/2

1072 ay~3/2

1079 ay~3/2,
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A'typical;ien extraction system is ‘shewn in Fig. IV-=14.
This particular system has a caléulated perveance of -
0.4 x.107° av3/?
the 2000 V‘e;tra?tien. This particular system alse has- an-

emittance diagram similar +6 that-used for the ion optical

and thus glosely=matches that required for -

system calculatiens.-

The abeve defines the rate at -which- charged particles
may- be remeved from the- plasma surface witheut violating the
space charge conditions necessary for. s proper fecusing.

Based en the conditiens- stated 1n the prev1ous section for
the. formation of a stable plasma sheath p051tlon, the rate.
at which iens are removed must ‘exactly -equal thée rate-at-
which iens arrive. For a ‘Maxwellian veloCLty distributien
Bohm- (Ref. IV- 15} has shewn that the 1ons -approaching the .
sheath must-have at-least a- klnetlc energy equal to

l/2(kTe/e -se that‘vl = VkT 7m

(kT
nev.A = n.A e - & = GV3/2 {(IV-2)
1 1l a mH - T

where ‘
‘;i = mean.lon velocity
n, = ion density-iohs/cms
Vp % total extraction voltage.
Aa = extraction aperture area
e = electronic- charge
k = Boltzmann- cohstant’
Te = electron temperature V10 eV-
. = mass of hydrogen atom.
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Equation (IV-2) may be rearranged te yield
n.A_e kT 1/2
ia e

vé’,/-z ny

Using- this relati@néhip it is-ﬁqssible to calculate the .
perveance of the-ion gun required to extract a focused beéam
from a-particular plasma source. Care must bé taken te allaow
'fo; the space charge-of all charged- particles in the extrac-
tion regien. A nomograph for one. set of conditiens pertinent -

to our design is shown in Fig. IV-15.

c. Ien Source Emittance Diagram

It is necessary- to-describe gquantitatively the out-
put from the ien source- and its extractien system in order to
provide an input to the trajectory calculations for the-beam
transport system, This is:typically done by means of an
emittance diagram- (Fig. IV-16) which defines the angle with
respeect to the beam axis at which the ien-is traveling as a
function of radius. In general, the emittance diagram is an
area such _that as-shown in "A"-of Fig. IV=16, for an ion
source with a large--random energy distribution in -the beam
or for-an ion extraction system which_produges-a beam with
nénlaminar ien trajectories. This represents an aberration
which never can.be: corrected by.any- ion optical system and
Wﬁiqh-is also very.difficult to treat:analytically because
of the infinite number- of combinatiens of radial pesition (r)
and divergence angle. (x') which the ion trajectertes may have;
It is possible, however, "‘to design an ion gun as .shewn in Fig.
IV-17 so that the iens appear teo ceme from a virtual peint-
source (sée Fig. IV-14); this gives an emittance diagram of
the type B shown in Fig. IV-16, which-is a line rather than an

area and may be represented ag a simple functien r' = Ki
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where- K 1s a constant. This provides an ideal definitien
of the interface-between proton source and -beam transport
system. Figure IV-18 shows the computer calculation of the
emittance diagram of the proton source shown in Fig.-IV-lé
calculated just- inside the extractor canal. The nearly lami-
nar flow indicated -from the diagram allows us to assume that
these ions come from a point source downstream from the ex-

tractor canal, as shown in Fig. IV-17.

d. Accel-Decel Operation of Ion Extraction -Systems

This simple, but important concept is often over-
looked by these designing ion transport systems., An.accel-
decel system is illustrated schematically in Fig. IV-19. .
The ions are extracted with a total voltage Vé greater- than
the desired beam voltage V., and then decelerated. This ac-
complishes twe things., First, as illustrated in Fig. IV-19,
it prevents eleectrons from thé beam ot target from entering
the- source and damaging components or disturbing the -control
system which often operates on total emitted current. Second,
it separates the extraction voltage from the beam voltage and
permits a higher beam current to be extracted than would be
possible at the beam voltage alone- (see eg. (IV-1)). It also
permits adjustment of the beam veltage without disturbing the

position of the plasma sheath because V may be held con-

T

stant as VB is wvaried.

B. MASS SEPARATORS

1. Intreduction

All of-the ion sources discussed in-Section IV-A produce

. . . . . . R
an lon beam output which is-a mixture of protons, H;, H3, and
many other ions. The sources may also produce a high flux of

fast-neutral particles by charge- exchange -and a number of
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ultraviolet photons which may degrade the test sample and
complicate the current measurement by creating photoelectrons
in ‘the Faraday éup which-monitors the beam. The mass sepa-
rator, which is located between the proton sourée and the
target, must purify the beam which passes through it so that
only the protons will strike the target.

The‘physical separation of the protons from the-rest.of
the beam can be accomplished in two basically different man-
ners. An appreciation of the two concepts plays an important
role- in choosing the most désirable type- of mass separator.
in beth techniques the starting point is a beam which is a
mixture of protons, other positive ions, fast:and slow neutral
particles from the-source, photons.from the discharge within
the source, plus any material which may be sputtered from
the ion extraction system or focusing lenses, The- first
method is to design a separator which selects only the pro-
tons from this beam. The trajectories of the protens are
controlled so that they alone reach the target, which is
shielded from the source so-that none of the contaminants
may reach it by line of.sight. The magnetic sector magnet
is an example of such a device. .The second system concept
is to provide a series of filters to prevent-the unwanted
particles from reaching the target while permitting-the de-
sirable proton beam to pass. The difficulty here is first
to identify all of the contaminants which may exist in the
beam and then to devise filters-which will selectively stop
the contaminants but -transmit the protons. This is particularly
difficult in the case of photons and fast neutrals. The rf
separator is an example of this type of system. As will be-
shown, a separator which deflects the preoton beam is clearly

superior fer this application.
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In erder to provide-a basis -for comparing the wvarious .

separators; the.following characteristies are considered

important:

1. Is the‘beam pure (no photons or fast neutrals
transmitted) ? ‘ ‘

2. Is a large fraction of protons transmitted?

3. Is the transmitted Beam continuous or pulsed?

4. Does the separator introduce aberrations into
the beam? - '

5. Is the separator stable over a period of. 1000 hours?
Is-the separator,eaey to adjust and use?

7 Does the-separator havé excessive size. weicht, or
power requirements?

8. Dees the eeparator accommoedate a full range or-ion

wvelocities?

AXl types of separaters iﬁvolve~an-interactien between
their electric and/er magnetic-fields and’ the charge on the
proton. They do not measure mass directly, but only the
momentum or velocxty of the particles which are presumed to
have a uniform energy because they all originate from a
51nglehsouree at a fixed potential. If the source itself
produces pfotons witﬁ a rangeAOf energies, this may cause
the separator to defocus or otherwise .disperse the beam. In
other words, an energy dlSper51on in the.original beam may
appear as a spatial dlsper51on 1n1the proton beam after it
has traversed the separator. This is particularly important
at low ecceleratingﬁveltaées,: For example, a 50 eV energy
dispersion in the beam is'10%‘9f‘the total beam energy at
500 V "(which is the lewest beam voltage considered here). For
this reason, a low eﬁergy spread:was made a requirement in se-

lection of a suitable ion source..



Another important criterion in the selection of a sepa-
rator is the size of the beam which it must accept. In gen-
eral the design of any separator which deflects the proton
beam increases in difficulty as the beam increases in size.
This results primarily from the difficulties of maintaining
the uniformity of the electric and magnetic fields in the
separator over large aréas. The larger gaps have greater
fringing fields, and in the case of magnetic-fields require
much more power. Therefore, considerable effort was devoted
to designing an ion optical system which transported a small
beam through the mass-separator and .then expanded it to cover
the target. Had this not been possible, the choice of opti-~

mum mass separator might well have been different.

Types of Mass Separators

Four general types of mass separators are described in

this section.

a. Radio frequency — which-utilizes resonance
between particle inertia and an alternating
electromagnetic field,

b. Homogeneous magnetic field — in which the ions
are spatially separated due to their different
radii of curvature in a magnetic field-

c. The crossed field or E x B — where-perpendicular
static electric and magnetic-fields cause
different-trajectories for different massés.

d. Magnetic lens — which utilizes a current loop
to form an ion lens that projects images of

different masses at different points.
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a. Radic Frequency

~ The basic concept of -a linear rf mass spectrometer
was first described By Benﬁett (Ref. IV-26). The 6peratidn
has been analyzed by a number of authors, particularly
Redhead and Crowell (Ref. IV~27),.who list all the critical
performance parameters for both sinusoidal and square wave

operation.

HRL2{0~37

RF MODULATOR STAGES

AT e

RN, BEEER, BEREEE]
ION BEAM—»! | 11} SRV bl
1 ] L . J ] L J 3 1 H
} i \\ I // i L1 l
ACCELERATOR _ DRIFT RETARDER

SPACES

Fig. IV-20. Radio-frequency mass analy-
zer schematic.

Basically a monoenergetic beam-of ions is accelerated
into an rf electrode system consisting of a series of plane
parallel equidistant grids (see Fig. IV-20). Alternate grids
are grounded and the other grids have applied to them an rf
voltage which is small compared with the initial accelerating
voltage. If the transit time of an ion between the two grids
is approximately 0.4 of the rf period, the ion will remain
in synchronism with the rf field. There is one time during

each cycle when an ion may enter the rf field and gain more
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energy than any other. By judicious choice of.drift spaces,
between several rf sections, the energy.gain of this particu-
lar ion may be enhanced.. The :ions emerging from the:rf.sec-
tions encounter a dc retarding potential barrier which stops
all but the most energetic-ions. Thus, only the synchronous
ion is able to reach the target., The mass of this ion is '

M, = 0.266 —y—y . (IV-3)
L7F
g o
where
Mi = lon mass, atomic units
V = particle accelerating voltage, volts-
Rg £ grid separation, centimeters
fo = oscillator-frequency, megahertz.

Other properties of this device are-calculated in detail
by -Redhead and Crowell (Ref. 1V-27). They show that higher
resolution may be obtained by using sguare waves rather than
a sinusoidal rf signal; however, the former is much more séensi-
tive to grid spacing than sinusoidal.operation.

The experimental performance for a system of this design
has been reported recently {(Ref. IV-28). This device has 13
grids, three rf stages, and two drift spaces. The complete
system is .25 cm long aﬁd operates at 10 MHz. Assuming -that
each grid is 95% transparent-but that the .individual-wires
are randomly oriented-with respect to those-of the other
grids, approximately 50% of the particles- from the source
will impinge on. the grids. The.effect of the separator on
the remaining beam which traverses the separator -may be
established frem-data presented ih Ref. IV-28.and is summarized
in Table IV-3 and Fig. IV-21.
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TABLE IV-3

Performance of RF Spectrometera

Current to target, A

Condition - H+ as Paercent of H+
H+ H+ Percent of beam Transmitted
1 2
Source only 1.4 x 20710 | 1,2 x 10730 54 100
RF on 4.4 x 10° 5.0 x 1071t 47 32
Retardation 100 v | 1.5 x 10721 | 1.4 x 10712 91 11
Retardation 110 v | 1.2 x 1073 | 5 x 10713 96 8.5

%prom Ref. IV-28.

Figure 1V-21 illustrates that while the beam may be pur-
ified to greater than 95% by this technigue, it can be done so
only at the expense of reducing the transmission to less than
10%2. This in itself may be quite tolerable if a source with
a sufficiently high ocutput current is used. The difficulty
arises because the photon output from the source and the beam
of fast charge exchange neutrals created at the source aper-
ture are not- attenuated by the electric fields. Thus they
are increased in relation to the proton beam by at. least an
order of magnitude using this type of separator. The effects
of these contaminants may thus easily be greater than those
of the proton beam for many operating conditions. A further
complication is that the impurity beam may not be uniform over
the target area and is very difficult to measure accurately.

Therefore, even though this system has many advantages
in terms of minimum energy dispersion, astigmatism, cost,
and size, it is suggested that serious consideration be given
to the problems of beam contamination before it can be used
for any simulation. It should also be noted that the output
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from this separator is-pulsatihglaé the driving rf frequency
(nqminélly_lo MHZ). As discussed in Appendix A, this is not
expected to present a difficulty. in accurately simulating-

solar wind damage to thermal control coatings.. -

b. Magnetic -Separator

This is a "conventional'-type -of -mass separator
'which_opexates-onrthe principal that the trajectory of a
charged particle will be deflec¢ted by-a magnetic field.
The basic equations are those for the kinetic energy-of

the particle-

kinetic energy = eV = (IV-4)

and the .force exerted on, a particle in a magnetic field

force . = ev B = %X_ (IV-5)
. i
or
_ mv _ linear- momentum
r, = —= =-; .
i eB eB
which may be sqlved.to-iieldz
> 1/2
(2i‘2’) (1V-6)
~\eB“ ‘
Lot - = {144.5 (Vl/z)ﬂﬁ—l)] for protons (Iv-6a)
where
fiﬂ = - radius of-curvature of the path of the
ion: i, centimeters.
B = magnetic field, gaus
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As shown in Fig. IV~22, particles which originate from a
single point, but which have different momentum (either mass
or velocity)‘will-have-different radii of curvature in the
magnetic field:

A great deal of developmental work has been devoted to
understanding and improving this type of mass spectrometer.

Much of this sophistication is not required to achieve the
relatively simple task of separating mass one from masses
two and three- at.low energy.' An excellent review of the-de=
sign details of this type-of separator has been compiled by ‘
Inghram and Hayden (Ref. IV-29). Only those facts pertinent
to the current design will be reviewed here.

Of primary importance to the over-all .system performance
are.- two parameters of thé‘sepaiator design. The first is. the
angle. through which the beam of interest (protons) is deflected.
It is directly related to the strength of the maghetic field
and the.path- length in the field. The second-factor is-the
dispersion of the various masses at the target. This defines
the physical separation of the various mass species at the
focal plane of- the separator.

For simple systems the radius of the-proton beam. curva-’
ture is made-coincident with the apex of the magnetic sector,
and -the entrance and exit angles (el and 82) are.made zero.

This makes the deflection angle. ® egual to the sector angle.
8. (see Fig. IV-23). The linear-.deflection of the beam may-
then be readily calculated. The radial contour of the magnet
gap and the entrance and exit angles (al and 82).are often chosen
to be nonzero to improve the focusing properties of the separator
(Ref. IV-30). In some designs the pole faces on the entrance
and exit sides_are themselves curved. Both.conditions obviocusly
affect the total déflection of the beam. The main criterion
of importance here is that the proton beam be physically removed
from the undeflected neutral beam; this is a very-loose boundary
condition and is easily fulfilled.
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The dispersion-may be derived from the fact that the
lateral distance between images formed by particles of dif-
ferent momenta emitted from the. same object point is pro-
portional to the momentum difference which is in-turn pro-
portional to the radius of curvature of the trajectories.

Hence the dispersion is:
p = k2B L. (Iv-7)

An approximate expression for the constant in the dispersion
relation is

K = rHl(l - cos @) + £2 [sin & + (1 - cos @) tan a2]
(IV-8)
where
o =, deflection angle of the ion
Iy, = radius of proton trgjectory
22 = object distance
€, = exit angle (may-be zero or.adjusted to

reduce- astigmatism).

As an example, for Ty < 15 cm, £, = 30 cm, & = 60°, and

2
g, = 0, we have

p = 33.5 AR, (IV-9)
P
+ . .
5 is 1.4 times that of:
H+; therefore, Ap/p = 0.4, making the dispersion between the
+° +
H, and H2

1
Because the dispersion depends on the ratio of two mo-'

For a fixed energy, 'the momentum of H
beams 14 cm,
mentum values, a spatial separation will occur as a result-of

a difference in velocity (i.e., energy) of the similar ions

as..well as a difference in mass. Thus any energy spread in
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the initial beam will affect the-size of the beam as it tra-
verses the separator. The particular case of a séparator
with rHl = 15 cm geparating protons and H; with an energy
spectrum of 1000 £ 25 V- (i.e., a 50 V energy spread) is
shown in Fig. IV-24, The displacements are measured 20 cm
from the exit plane. Figure IV-24 also illustrates the ac-.
curacy of-the approximate formula as compared with an exact
numerical calculation. '

In order to preserve-the minimum beam size, the disper-
sion through the separator should be minimized. A curve.
such as that of Fig. IV-24, may thus be used to establish
the minimum sector angle for tﬁe separator which wili_
spatially separate the proton beam from the H; beam. This
minimum angle will also minimize the beam size.

Thus far we have discussed only the mass .-separating -pro-
perties of this condept. Becéﬁse ‘the separator also -acts as
an- element in the beam transport system (Ref. IV-31), somé
consideration of its focal -properties is important as well.

Three design philosophies are possible:

1. diréction focusing — focusing of ions homogéneous
as-to mass and velo&ity but of different initial
direction .

2. velocity focusing — focusing of ions homogeneous
as to mass and direction but with different initial
velocity- X

3. double focusing — focusing-of iohs -homogeneous in-

mass but of varying velocity and .direction.
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For this épplication, item 2"is most important, particularly
if the ion source has an appreciable spread in ion creatien
energy, Direction fecusing. is less important because of the
lenses at-the source and object positions adjacent to the
separator. A general treatment of this subject is beyond

the scope of this repert. References IV-29 and IV-31l, plus
the work of Sternheimer (Ref. IV-30), serve -as.general réfer-
ences - for this area.

An additional .term encountered is "first order focusing,"
which means that' aberratiens which-are a first order- function
of mass-are, by design,'made equal to zere by adjusting the
shape of the magnetic pele faces, the entrance and exit
angles, and the radial variation in magnetic field strength.
Higher- erder focusing is possible but generally reserved for
use with large-beams or where. extremely high résolution is
required. Prior to construction of an actual separator, the
exact ion trajectories for the choesen design-would be com-
puted-as in Section IV-C to validate the .design.

In summary, the magnetic sector mass :separator is well
suited for this task; provided that the beam is kept small in
diameter until after separation and then expanded or scanned
to cover the target area (see Section V). The power require-
ments increase rapidly as the beam size and hence the magnet
gap increase. The mggnetic_fringing-fields also become-very.
difficult to adjust at large-gap spacings,.thus introducing
unwanted aberrations. in-the final beam. This type of sepa-
rator accomplishes the.twe'neceséary-fuhctioaé of'bending
the proton beam to physically remove it from the efflux of
photons and neutrals;from the ien source- (which -travel- line-
of sight), and ef dispersing-thé charge particles-ef various
masses so that a pure, proten beam results. Care must be taken
in the.design to -reduece the ion optical aberratiens and to
minimize the dispersien due to the-enefgy-distribution in

the ien. source.
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c. Crossed Field Separators

Consider a system in which the magnetic-field B,
the electric-fieldch and the velocity of a charged particle
are all.mutually perpendicular. If.the signs are properly
chosen it is clear that by adjusting the magnitudes of the
electric and magnetic field strengths, the electric and mag-
netic forces on the particle may be made equal and opposite
and the particle trajectory will-be unchanged. This is illus-
trated for mass m, in Fig. IV-25. Particles with the same

kinetic energies but a different mass m, will follow a

curved trajectory. The properties of this type of separator
have been discussed by Bleakney and Hipple (Ref. IV-32) and
later by. Ogilvie and Kittredge (Ref. III-33). For the pur-
pose of this report, the simplified analysis of Wahlin (Ref.
IV-34) more clearly illustrétes the important processes.

As before, the velocity of an ion which has been accel-

erated through a wvoltage V is

1/2
_ 2eV -
v o= ( - ) {IV-10)
An ion with a mass- my and velocity A will not be deflected

when moving through the velocity filter shown in Fig. IV-25 if

Bev = ecg (Iv-11)
or
1/2
B (EE) -. &. (IV-12)
m
1
Ions of a different mass m,, experience a force-
0, v2
2°2 _ . _
5o = evps el (IV-13)
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or

2 1/2
m V. m
2f 2 - e (—}-> -1 (IV-14)

o,

by direct.substitution from (IV-11l). and (IV-12). "
Therefore, the ions of mass m,. are deflected in a cir-
cular path with radius

= 2v (1V-15)

A @%) 1/2_1

This equation is a good approximation for .small deflection

angles.

If ry is known, the dispersion may be calculated geo-
metrically from Fig. IV-26. Because the deflected beam is
perpeﬁdicular to the radius of curvature at both the entrance
point (0) and the exit point (Q), the deflection anglé and
the arc ‘traversed by the particle in traveling from 0 to Q
are both equal to. &. For sma;lféngles where & can be.- ap-

proximated by a/fi, the dispersion”™

: _ o\ 172
_ fa _ Ra L _ -
D .= T T 3% <m2> 1 ' (IV-16}

al

where a dis the length of the filter and & 1s the.distance
to the image plane. Tle condition for no deflection of a se-
lected mass number comes directly from.(IV-12)

ST

ror tne application here we desire that the proton beam
be deflected out of the main beam of photons -and neutral -ef-

fluent from the source. Thus we let the preotons bé represented-

107



by m, in Fig. IV-26 and choose ¢ large encugh that a stop
at the exit from the separator prevents- line of sight’
transmission from the source alkong the proton béam. D must
also be large enough to separate- the protons frem the charged
particles with masses two and three.

It is possible to choose a unique-ratie of &/B which -
provides adequate deflection of the proton beam and which
provides cancellation of first order aberrations as well.
From (IV-13) and (IV-1l6},

1/2 ;
_ e _ Raé
b = “aB[m] A

" Therefore, the first otder dispersion (dD/dV) is zero for
é?/B = (quZm)l/z. By choosing the fields with this criterion
the dual requirements of a net deflection and zero first order
aberrations may be achieved. .
This type of separator will serve equally as-well as the
simpie magnetic sector ih many cases. The extra variable of
the electric field strength <%_provides the opportunity to
design the system to- achieve first erder focusing. A p:imary
difficulty arises in-the design of the-electrostatic field-
shaping pole pieces to generate a uniform field. This design
is difficult because the magnetie poles, which are“imhe&iafely
adjacent must be made of métal and thus perturb the electric
field shapes. Available commercial designs generally.employ-
segménted shims with adjustable veltages-on each to shape the,
electric fringing-fields. These-require a complicated empiri-
cal adjustment. It -was this uncertainty in design that led
to the choice-of the magnetic sector oVer the crossed field
separator in the example design in Section V. Current
studies at HRL under another program indicate that it should
be possible to shape the electrie poles to accomplish this
desired field without shims. This has not yet- been-verified
experimentally. ‘
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a. Magnetic Lens

The fact that the focal properties of a magnetic lens
are a function of the mass of the charged particles which pass
through it may be used to purify ﬁhe proton beam. The re-
sultant system is somewhat crude compared with the magnetic
sector or the crossed field separators, but it is also much
less expensive and therefore may be useful in some unique
applications. )

In-its most elementary form a magnetic lens is simply a
current loop- through which the beam of charged particles
passes (Ref. IV-35). The eguation of the focal length of

the magnetic lens is

5 Mvrc
f = 1.80 x 10 5 (Tv=-17)
(NI}
where
f = focal length, centimeters
L = coil radius, centimeters
NI = c¢oil ampere turns

LI}

particle mass, amu

V = particle potential, volts.

This type of.lens-is widely.used-in electron optics (particu-
larly in-electron microscopes) because of its low abetrration.
It has found little use in ien optics becausé, as-shown in
(Iv-17), the magnetic field required for a given focal length
increases with both the mass ahd the energy of the incident
particle. Thus, the applicatien- here ‘which involves low
velocity ions of the lightest possible mass is rather

unique.
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As shewn in Fig. IV-27, a magnetic lens may be-.used-to
selectively focus-on}y-the protons from-a divergent-monoener-
getic beam. The. heavier pafticlesﬂmay be stopped -as shown in-
the figure. This_cencept is prectical only because the parti-
cles to be-separated differ in mass by a -factor of. two, -thus
making the focal length for H; double that-of the protons.

The factor by which the. Hz_component of the beam is reduced
is nominally equal to the ratlo of the area of the H2 ‘beam in
the plane of the aperture to the ‘aperture area itself. As—
sumlng that the coil radius 'f; ig just large enough’to ac-
commodate the beam at dlstance 'zl frem the source, it may-
be shown that the percent of.H; transmitted (for 100% Hi'

transmission) is given by

a

. N I, r 2‘ N
1 . 1y 2 _ay -1 e _ 1 _ox-1- _
‘where

8 =. H; (after sepafetor/H; (before separator)
fH = proton fbcal length-(iaeh,‘M =_1 in (IV-17)
r =+ " goil. (and beam) radius

L%

. r =- perture radius.

This function is plotted in Fig. IV-28. The.number of ampere
turns-in a simple coil réqﬁired for a eﬁecific set-of -typical
conditions is shown in Fig. IV-28. Note that-a significant
reduction in ampere turns may be achieved,ﬁy designing thé
magnetic lens with sheped‘pole pieces and a ferromagnetic : '
yoke. )

From the above discussion it is clear that attenuation
of the H+

2

for typical conditions. Considering that the‘H;"content‘in_

the beam may originally be. of the order of only 10% to 20%,

‘beam by a -factor of 10 to 100 is gquite p&actical

this represents an adeguate purification for normal--purposes.
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There is a disadvantage of this ‘system, however. As
shown "in Fig. IV-27, néutral partigcles and photons from the
source can reach the target. This can be eliminated by
placing a small stop on-axis to block the solid angle’ sub-
tended by the aperture at the source. THis will depress-the
axial current density at the target and produce a somewhat
"hollow"” beam. The extent of this depression must be deter-
_mined experimentally. It might mean that the axial sample
position was not usable, or.it-might serve simply- to flatten
the beam profile, which is normally peaked ih the-.-center. It
is.péssible to reduce the current density at the target by
simply defocusing the proton beam so that some protons will
be Stopped by the aperture plate as well. A computer analy-
sis of the trajectoriesvhas demonstrated that for the energy
range required here, approximately .a factor of three -attenu-
ation is possible before the beam shrinks to less than 10 cm
diameter at-the target. An additional lens presumably could
extend this range. '

While many features of this system éppear attractive, a
primary disadvantage for this survey is thé£ no report of its
implementation has been.found in the literature.

3. Selection of the Mass Separator

The properties of the four types-of mass separators dis-
cussed above are summarized in-Table IV-~4.. Of the four, only-
the rf separator is-clearly rejected bécause-it does not pre-
vent uncharged particles and photons. from striking the tar-.
get. The magnetic lens is a relatively simple but untried
system. The remaining two — the.sector and crossed field
separators — are similar in many respects. The crossed field
separator contains aberrations from nonuniformities in both

the electric and magnetic fields, while only a magnetic-field

113



is present in the sector. In particular, it is difficult to
generate a uniform electric field when the magnetic and.elec-—
tric pole pieces of the crossed field separator must of nec-
essity be in close proximity. This problem has recently been
solved analytically and appears manageable for low energy ap-
plications such as that required for the present program.

The sector magnet was chosen ovéer the crossed field de-
vice for the system design-here principally because it re-
guires one less power supply and is a wéll understood, proven-
device. Techniques have been derived to produce very sophis-
ticated instruments of this type if they are required. Special
attention should be devoted to the aefocusing of- the beam due
to energy dispersion in the seurce. Careful design of both
source and separator can keep this well within tolerable

limits.
C. BEAM TRANSPORT S¥STEM

1. Introduction

The beam transport system must accept the ion beam from
the source, focus it through the mass separator, and expand
it to 10 cm diameter at the target plane. It must also be
capablé of providing adjustment of beam intensity by a factor
of 1000. PFinally, it must perform satisfactorily over the
full range of proton energies from 0.5 to 3.0 kV. Two gener-
al concepts are possible. The first is to extract from the
source a small, relatively high current density beam which is
expandéd in size only after it has passed thxough the mass
separator. This considerably simplifies the design of.the
einzel lens because all the beam ions pass through the lens
near the axis where aberrations are small and the paraxial

ray equatien is valid. The mass separator is - 'simplified as
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TABLE IV-4

Mass Separators

C Beam Transmits ; :
Transmission, . Beam AC or DC Focusing Size, Power .
Type % Purity Charge Size Transmission Aberrations Weight, ete. Advantages ' Disadvantages
% Exchange '
Radio 8.5 @ 96 Yes Any AC at mega- No focusing Light e Handles large beam & < 100% purity
Frequency 10.5 @ 91 hertz oxr Small e Small size & Low transmission of protons
12.5 @ 87 Duty Cycle aberrations Short e Low total power e Transmits fast charge exchange neutrals
14 @ 80 10% Requires ac e Easy intensity adijustment e Must trade beam purity for transmission
and dc power e’ Photons from source strike target
Magnetic Approaches i00 No Small bc Can focus Heaviest & Pure beam 'Y High power for large beam
Sector 100 to ; e High transmission e, Energy dispersion
. Has Single power : . !
Medium aberrations supply ¢ Compatible with scanned :
beam
Crossed Approaches 100 No any DC Has Small ® Pure beam e Two power supplies
Blectric 100 (small aberrations Light ® Will take large beam ® Electric and magnetic aberrations
and . easier) Can focus Requires two
Magnetic power supplies ;
Fields .
!
i
Magnetic > 80 95 No Small DC Small Small ® Simplest system .} Center dark spot
Lens aberrations Short e Compatible with scanned e < 100% purity
Center dark Light beam s
Single power e Intensity adjustment
spot . ,
supply possible
Does focus

EOLDOUT FRAME

1
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well because the magnet gap widths can be minimized. The
single small aperture -in the source serves to minimize the
effluent hydrogen gas and the pumping- speed necessary-to
maintain satisfactory chamber pressure. Finally, the small
beam permits a series of apertures to be installed between
the source and the main wacuum chamber, to’reduce_the dif-
fusion of hydrogen from the source into- the chamber. A
separate pump is provided near the source.

The second approach is to extract-a large beam from the
source and transport this broad beam through the mass separator
to the target. This virtually eliminates the need for an ion
optical system, but entails a number of other difficulties
which are.obvious from the preceding paragraph. The only
mass - separator which readily accommodates a broad beam is the
rf separator, although large aperture crossed field and even
magnetic sector separators.are possible at the low beam
energies used here, This'latter type of system has béen dé-
scribed by Lebduska (Ref. IV-28). Only the first type of

system (i.e., small -beam) will be treated herer

2. Computer Simulation of Ion Trajectories,

As the name-implies, each element in the ion optical
system may be treated mathematically by technigues used in-
conventional geometrical optics.. For instance the einzel
lenses have an eguivalent thick lens analegy; and a sector
magnet is equivalent to a cylindrical lens bounded on_ the
entrance and exit sides by thin lenses. The focal properties
of the lenses are a complicated function of the geometry,

beam voltage, and lens voltage ‘for each.
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It has been shown (Ref. IV-36) that where the paraxial
-ray equation is applicable this problem may be readily
treated by a matrix technique which is easily- adaptable to
computer cdlculation. Assuming circular symmetry, the tra-
jectory of a particle may be-defined at any time by its rad-
ial distance «x from the axis of the ion optical system

(which is the 2z axis) and radial momentum represented -by

(o)

where r' = dr/dz. The effect of each ion optical element on

the column vector

the trajectory is-represented by a two by two matrix so that

(r ) '(an' am) ( )
r'vv a asy . dyy r'/v
out

in
where the a's .are functions of the dimensions and voltages
of the ion optical system. The total trgnsfer‘maﬁrig for the
entire system 1is thus a product of n, matrices, Whefg3 n is
the number of ion optical elements in the system. It is
clear that this formulation is ideal for computer calculation.
In practice the transfer matrix for each type of. element
in the system is first written analytically and tﬁén stored
in the computer in functional form. Next & program is written
whi@h first assembles the series of matrices in_ the proper
sequence to represent the sequence of elements in the system.
Next the physical dimensions of the elements, the particle
voltage, and the focusing voltage for -each lens are put into
the matricés and the multiplication is carried out .in the

computer, té6 calculate the ttrajectory of the particle. The.
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coordinates of the particle at each point are printed out
and the entire trajectory is drawn autcmatically by a Calcomp
plotter. tied to-the computer output.

Using this technigque, individual variables may bé. checked
rapidly and the performance of the system verified under a
number of operating conditions. Of the order of 80 such para-
metric investigations were made during this program.

A block diagram of the final system is shown in Fig.
IV-35. In the computer simulation the individual -components

are treated as discussed below.
&. Source

For all of the systems studied we have characterized
the source by the emittance diagram shown in Fig. IV-29).
Thus under this assumption the ions appear to originate from
a point source 7.7 cm upstream of the aperture (assumed -to
be. 2 mm in diametex), as shown in Fig. IV-30. Figure IV-29
was derivgd from a computer study of an extraction system de-
scribed in Section IV-A-l-b and shown in Fig. IV-14.

b. Drift Space

All the lens elements are separated by unipotential
drift spaces characterized by the following matrix:

1 zd//V' r.

r
out in

YV 0 1 r! V¥

X v
in

1
out

where zd is the length of the drift space. This matrix ex-
presses the fact that a ray passing through a drift-space has
the same-exit and entrance angles and leaves with a change in
length given - by the length of the drift space-times the en-

trance slope. Physically a drift space is a fieid. free region.
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c. Accelerator

The accelerator is the first lens element -follewing
the source and is used to decelerate the beam so that the
beam potential at the exit of the accelerator is at system
ground potential. Thus, the extraction—accelerator system is
an accel-decel system which prevents the back- bombardment of
the source by secondary electrons created downstream of the
accelerator. A potential diagram show1ng the- varlatlon of
the-potentials to change the beam energy at the target. is-
shown in Fig. IV-31l. With this arrangement the target and
all the lens elements (except the central element-of-the’
einzel lens) downstream of- the accelerator.are always at
ground potential. The beam energy is-.changed by adjusting
both the source and extractor voltages and keeping the plasma-
extraction voltage at either 3500 V oxr 1750 V, depending on
the target energy range: required. The- accelerator chosen for
this study consists of two apertured plates separated by a
distance d. By application of the Davission-Calbick -thin-
lens equatlon (Ref. IV-37) both the exit and entrance aper-
tures, it may be shown that this- lens element has the follow- -
ing matrix repregentation (V and,V2 erenthe potentlals on

1
the entrance and exit plates, respectively):

3 ‘/‘71 - /ff~2 : 24, .
2 J\Tl . f\?l + /\72
MAcc =
3 (vz—-vl).‘[/\?l - f\?z; 3@2 - /if‘i
8d v, v, 2/x72
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d. Mass Separator-

The advantages and disadvantages of four basic types

of mass separators are compared in Section-IV-B. The sector
magnet chosen for this system has a radius-of curvature THy
of 15 cm and a deflection angle of 20°. The design is stig-
matic or double focusing so that the same amount of focusing
is present in both the horizontal and vertical planes. One
way this can be accomplished is by using a tapered pole piece
design (see Fig. IV-32) (Ref. IV-38). where the normalized

field gradient.in the median plane varies as

-1/2
= i)
@ OHl

where B0 = BZ at r = THq - For this case Ref. IV-38 shows that

the trZansfer matrix for a 20° sector is

1 ;Y2 g
cos. — — sin 5 =
9 /2 vV V2
Msect
%ﬁi sin % 1 cos % L
Hy V2 V2
e.r Electrostatic Lenses

Only electrostatic lenses are considered here be-
cause they consume-no power and are independent of the mass
of the particle being focused. The most‘versatilé type is
the einzel lens which is composed of three apertures, or
cylinders, as shown in Fig. IV-33. The two end elements
are connected together electrically so that thé beam leaves
the lens with the same kinetic energy with which it entered.

The central element is-biased-to retard the beam (i.e.,
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biased positively. for positive ions). The- focal length of
the lens.is a direct function of the ratio of the voltage on
this central element to. the beam.veltage. While such lénses
are-simple in concept, they introduce sizable aberrations if
the beam diameter is greater than 1/3 of the lens aperture
diameter.

Three einzel lens are used in the beam transport system
for focusing purposes. The first, in conjunction with the
weak focusing properties of the mass separator, focuses the
beam through the aperture following the mass separator. This
aperture also provides the pressure differential needed be-
tween the target and source chambers. The second lens pro-
duces a magnified image of the aperture, resulting in a 10 cm
diameter image at the target. The third lens (optional) pro-
. vides the slight collimation needed to produce an exactly
parallel beam at the target. Without this optional einzel lens
the long distance from the second einzel lens to the target
produces a maximum angle of tan—l (5/100) = 2.7 deg. The geom~
etry of these lenses, along with the experimentally measured
focal length taken from Ref. IV-39, is shown in Fig. IV-34.
The transfer matrix for a lens with focal length £, object

distance 20, and image distance zi is given by

b2
L %, (1-—°)+sa
1 - _© i f o
£ V.
MEin =
-/¥ 1 - ii
£ £
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For the above einzel lens it was found that the focal length
corresponding to the lens strength of Fig. IV-34 could be
- closely approximated by

f = exp [1.03 + (Vl/vp) 3.22 + 2,85 (Vi/VO)]'.

This expression for the focal length was programmed into the
expression for the transfer matrix so that the einzel lens
voltage ratio could be used on an input variable to the com-
puter prograﬁ.

3. Design of Beam Transport System

A sketch of the. final system is shown in Fig. IV-35. In,
this sketch-the ion beam diameter has been drawn.in a much
larger size than its true proportions in order to make.clear
the ion optics effects. The focusing properties under vari-
ous operating conditions are illustrated with the Calcomp
computer plots described above. For all.the trajectory plots
described below, only rays leaving the source with positive
angles are plotted, since the system is axially symmetric.

In addition, for clarity, only the outer beam edge trajectory
is shown in most cases. The operation of these ion optical
elements is now described gualitatively and illustrated with
trajectoxry plots:. The diverging rays from the source are.
given a slight.convergence by the lens .actien of the accel-
erator, which has a strength proportional to the decelerating
voltage applied. The focusing-voltage on the first einzel
lens is then adjusted so that the rays enter the mass separator
with ‘the proper height and slope so that only the protons
pass through the mass separator and are focused - -through the
aperture with the préper entrance condition for the second

einzel lens. Figure IV-36 shows the effect on the outer beam
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Computer generated trajectories showing effect of changing the
focus einzel lens focusing voltage V, for constant extraction
voltage of 3500 V and beam voltage of 2000 V with constant di-
verging einzel focusing voltage of V5 = 1840V.
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Computer generated trajectories showing effect of changing the
diverging einzel focusing voltage Vg for constant extraction
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edge trajectory-when the first einzel lens-focusing woltage
V4 is varied from 1190.§?u;géq V with all other voltages

held constant. When this lens is too weakly excited the rays.
enter the second einzel lens toe close to the axis, résulting
in a target beam diameter of-only 7.4 cm for the V4 = 1190-Vv
case. We also see that the outer beam edge is almost strik-
ing. the edge of the aperture, so that any further reductien
oﬂ-tﬁis lens strength would increase the interxception on the
aperture.” As the'lens strength is increased to V4.= 1210 v,
the beam diameter at the target is the required 10 cm.
'Further increase in lens strength above this optimum

value produces a larger target-diameter until interception
again starts trimming the peam;edgé at the aperture.

The. operation of the second einzel -lens which forms the
final image at the target is shown in Fig. IV-37 as a func-
tion of lens.strength. for constant entrance conditions.

_Thé diﬁgrging rays.enééring this-lens'are'oVérfécused:
to form a magnified image at “the target. For the case shown
in Fig. IV-37, the target diameter increases from a diameter
of 7.6 cm at V; = 1750 V to 10 cm at V. = 1840 V.

4. ~ Beam Energy

For;all-the cases considered above the total source ex-
traction voltage -(V; + [V2|) was either 1750 or 3500 V. This
results because better source.- ion optical characteristics-
are obtained if the source does-not have to be designed to
operate over a wide range of'tbtgl gktraction voltages:

With the accel-~decel érrangemenﬁ the beam energy is numerical-
ly. equal to the positivé voltage Vi, applied to the source
and the decel voltage is numerically equal to the voltage
acroés the accelerator plates (Vi-+ |V2f).-.The decel vpltage
prevents any secondary eiectrons—c;eated past the accelerator
from bombardiné the source. ‘Figure Iv-38 shbﬁs thé feéuéing
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voltages reqguired and the computef generated trajectories for
bean energies of 500 and 1000 V' for a source extractien volt-
age-offl?Sp V. Similarly; beam energies-of 2000 V and 3000 -V
with a source extraction voltage of 3500 V are shown in Fig.
IV-392. For all these cases the nominal beam diameter is

10 cm, as required.

5. Beam Intensity

a.. Unifermity

“The uniformity or.the peam at the target-1s-deter-
mined by the:current density'brofiLe at the sourcé, the aber-
rations in the ion extractien system and each of the elements
of the ion optical syétem, and the-accuracy-of-thé alignment .
of the various elements. Thus it is virtually-impossible to
treat this parameter purely analytically., If an actual sys=
tem were. to be-built from the design discussed here, the
performahgg of. the actual compohents {source, extfagfor,
lenses, separator, etc.) at each interface must be measured-
experimentally and minor adjustments made t6 compensate for
the aberration as required.

This can be accemplished only if good design -practices-
have-been followed. Thesg'have already been'discussea in-

the sections dealing with the individual components:

1. source, — low- energy spread; radial uniformity of
plaéma density )

2. ion extraction system —fdesign"for lamihax-ion

) flow with the correct divergence angle

3. einzel lené — design sé that beam is much. smaller
than lens aperture -and passes acéuratély along

lens axis-
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4, Mass separator

a. magnetic sector — choose shape of
magnet-gap and entrance and exit con-
ditions to reduce astigmatism, keep
beam small through separafor so all
ions see similar conditions.

b.. ExB — choose entrance and exit condi-
tions. and ratio of E/B to reduce first

order aberrations.

Figure IV-40 shows that under the-assumption of -zero lens-
aberrations and a source emittance diagram of the type-calcu-
lated in Fig. IV;;G, no nonuniformities arise in the beam
intensity as it traverses the system.

b. Intensity Variatioen -

The- total system must be able to change the target
current by three orders of magnitude. Because it is not _
poésible_to operate the rf source-over such a wide dynamic
rangg; it is necessaiy that the beam transport system provide-
approximately a factor‘of 100 intensity ﬁariation, which to-.
gether with a variation of source current by a faétor.of
v 10 -provides the total dynamic- range required. The source
current will be varied by changing the neutral EH, flow and/oxr
the rf excitation power. The variation provided by the beam.
transport system is accomplished by. flooding-an aperﬁure and
allowing only a small fraction of the current -to pass through
the -aperture: This is illustrated in-Fig. .IV-41, where the
effect of changing the first-einzel focusing wvoltage is shown.
This figure shows-that the beam siZe at the aperture varies -
from a radius of less than 0.l cm to greater than 1:1 cm at -the
.first einzel-focusing voltage is varied from 800 to 300 V.

With this arrangement only the rays leaving thée source very
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close to, and.making very small angles with, the axis pass
through the aperture, so that the-resulting beam inteqsity

at the target is reduced -by a factor of approximately a 100-
((1/0.1)2). This is about the maximum intensity ratio possi-
ble with this method because the image size at'the target is
limited-by the maximum magnification (minimum focal -length)
of the lens.

6. Beam Rastering System

a.. Advantages

The. system illustrated in Fig. IV-35 is based on

. the.requirement that the simulatien requires a large .dc pro-
ton beam'whiqh covers all of the target area unifermly. As.
discussed in Appendix A.

the simulation would not be impaired if the protons arrived
at the target as a series of.discrete pulses at rf frequencies.
If it can be demonstrated experimentally that this is indeed
true, a system employing a small diameter proton beam which
is swept over the target surface-in a pattern:similar to the
electron beam in a TV raster has-many advantages. The system
shown in Fig. IV-35 is easily converted toe this désign by
changing the operating voltage of diverging einzel lens No. 2
to focus the beam to a spot on the target and introducing two
pairs of oxthogonal electrostatic deflecting plates in place
of optidnal collimating einzel lens No. 3.

The advantages of a rastered system are

1. By sweeping a small beam over the large target area,
the beam nonuniformities are smeared out and the-
coverage may be made as uniform as desired, even if

some lens aberrations exist.
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2. By-proéramm&g@;tﬂe,rate at which the beam is\swept,
the dose rate to each individual sémplg may be con-
trolied (as a funcﬁiop of eprsure time if desired).

3. The dose rate may be attenuated over several orders
of magnitude. while %he source operates at the single
fixed point where it performs best. This is achieved
by deflecting the small beam off the target area
entirely for some fraction of each raster period.
This not only extends the operating range of-the
system, but simplifies the design of -the ion source
and its control system. -

4, The accuracy of the dose measurement is improved by
this technigue because the total proton béam {which
may be measured accurately) is projected-onto each’
area of-the target for a time which also can be
measured accurately. The result is a far more ac-
curate measure of dose than sampling a -small frac-
tion of the beam and relying on a érior measurement
of beam homogeneity. It is also much easier to .de-
sign a dynamic control system for this system than
for. one that samples a fraction (% 1%) of the bean

current (i.e., ~v 10—ll A).

b. Design of the Deflection System

The design of an electtrostatic deflectien system is
relatively straightforward. Fpr-the~pfesent design the. dis-
tance & from the downstream deflection system to the:target
is fixed at approximately 80 cm. With this distance.fixed -the
two parameters which determine:the defilection sensitivity are
the deflection length b and the plate separation a (see
Fig. IV-42). Qualitatively a small plate separation increases

deflection sensitivity but increases deflection aberrations
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produced by fringing fields, while a large length decreases
deflection defocusing effects but increases deflection length
and plate capacitance and hence deflection power. The rela-
tion between the deflection angle and normalized deflection
voltage VD/VO, where VD is the deflection voltage and VO is
the beam voltage, is given by Spangenberg (Ref. IV-40),

e

g
o
<

_ s d - .
tan @ = 'i—— o\ (IV 19)

where, with reference to Fig. IV-42
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Fig. IV-42. Schematic of E x B separator.

For the present system we will choose a deflection sensitivity
such that the maximum peak-to-peak deflection voltage is 300 V
(which is 10% of the maximum beam voltage of 3000 V). fThere-
fore, since tan 8 = 5/80 = 0.0625, the plate length for a
plate spacing of 2 cm is given by using (IV-19)

2 tan €
b e a (Iv-20)
(Vp /)
p = o (0.0625) ., _
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e. Estimation of Maximum Sweep Freguency

The maximum sweep frequency may be estimated as
follows. The transit time 1T, which is the time a proton
spends-in the deflection system, is related to the deflection

plate length b - and proton velocity v by

. = 2 (1v-22)
v

For protons the velocity is

2eV

v =\—2=.1.38 x 10° /¥ cm/sec. (IV-23)

Now let the period associated with the sweep freguency fs

be tS where

1
i (IV-24)

s .

.
7

then it is apparent that 1 << tS for satisfactory operation.
If this relation is not satisfied, the deflectien voltage

Vd will change significantly while the proton passes- between
the deflection plates and the system will not function pro-
perly. While it is true that'SOPhisticated deflection sys-
tems have been developed for high speed oscilloscopes which
‘permit T = ts' a practical limit to be used in the following
calculations is ts = 10 t: Thus with the above criteria‘the

maximum sweep frequency is related to the transit time as

< _L- )

fs ioc t

which can be written using (IV-22) and (IV-23) as

1.38 x 10° /v
s b

]-.h
A




This equation shows that because we cannot change the fixed
beam voltage, the only adjustable parameter is the deflection
length, which was chosen previocusly to be 5 cm by deflection
gensitivity considerations. For example, if -we decreased the
deflection sensitivity from vb/vo = 0.10 to 0.20 the length
could be halved, raising fs by a factor of two but at the
expense of increased deflection defocusing effects. For a
beam voltage of 1000 V, using b = 5 cm the maximum sweep
frequency is £_ $ 8.8 x 10° sec™ > A 1 MHz. The target is
two-dimensional, however. Thus, if the beam is 0.5 cm in
diameter it must traverse a 10 cm target 20 times to cover
the whole area, and the real frequency at which any spot or
the.target will be irradiated is 0.05 fs’ or 50 kHz.
Generalizing the above for the dimensions used as the
example, the frequency at-which any point on the target is

irradiated is

v 1/2
O —
100 1660 db (IV-25)
where
ft = frequency at which a point on target is
irradiated, kilohertz
° = accelerating voltage, volts
db 3 beam at target, centimeters.,

Other choices of dimensions will give a slightly different’
constant, but the functional form will remain the same as
long as dy is small relative to the target diameter. as
the beam diameter approaches the target diameter, the de-
flecting voltage may be- reduced so that in the limit a

broad uniform beam with no deflection is required.
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PRECEDING PAGE BLANK NOT FIiLM

SECTION V
DESIGN ANALYSTIS OF AN OPTIMIZED SOLAR WIND SIMULATOR SYSTEM

This analysis of the optimized solar wind simulator sys-
tem is based on the preceding discussion of the solar wind
characteristics, the simulator requirements, and the.analysis
of the proton beam formation apparatus. The outline drawing
of the simulator system presented-in Fig. V-1 shows the major
components of.the system. The first two|are the ion source
and the ion optics system, which includes the mass separator.
Together these produce the proton beam. The neutralizer sys-
tem is an important yet inconspicuous element of the simula-
tor. The sample chamber is the largest component. Within
it are the sample mounting plate, the.detectors (ion, elec-
tron, photon) for monitoring and controlling the sources,
and the sample transfer mechanism. The integrating sphere
is attached to the sample chamber:

The design analysis is organized in. terms of these

components. The proton. beam apparatus (i.e., the ion source,

the ion optics, and the mass separator) is presented as a
summary of the detailed analysis given in the previous sec-
tions of this report. The neutralizer is discussed- in
Section V-C. The discussion of the sample chamber is or-
ganized into two elemeﬂts, The first is concerned with the

details of the sample mounting and transfer mechanisms. The

gecond involves the ion and electron. measurement instrumenta-—’

tion. Vacuum pumps are used in several of the. components of
the system. As,a result, the vacuum design is analyzed in
a separate section of this final report.
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An important aspect of this analysis was the considera-
tion of how-the individual components would interact with each
other and result in the selection and design-of components
providing a good compromise of the various features. An
example of this is the case of.the ion source exit aper-
ture. It must be designed to provide the necessary-ion béam
trajectories in order to match the requirements of the ion
optics and mass separation system. At the same time, how-
ever, the lon sdurce aperture geometry should be.designed to
limit the amount of gas that enters the rest of the system,
This reguirement thus provides a restraint -on design of the
exit aperture which is an important point-because a system
such as this can be designed in a number of ways-that -use
different components or modifications of the samé;combonents.
With careful design-and fabrication all will perform satis-
factorily. Thus the design presented in this section is one.
of these configurations.

ION SOURCE

The rf ion source was selected becaluse when operating at
the desired maximum ien beam-current, it-places the smallest
hydrogen gas load on the system's vaclum pumps. Construction
of this type of source is relatively simple and inexpensive.
Also several corporations manufacture the -rf source which,
with modifications te the ion extraction system, .could be
used to obtain the;ion trajectories that were calculated to
provide the necessary.emittance (see Fig. IV-14)., It is im-
éortant to add a servo control system to control the hydrogen
input flowrate so that the ion source has a stable operation.

In the event that it is unnecessary.or impossible (due
to reciprocity failure) to operate at levels of-about 100

times the. solar wind, the use. of the electron bombardment -
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source may be advantageous. “Itvis easier to vary the beam
intensity with this source than with the rf sou:cé. The

major problems are that the electron bombardment source is
much less efficient with respect to the hydrogen gas usSage

and it requires a thermionic emitter which ceuld be con-
taminated by- the outgassing of the samples and the integrating

sphere coating.
B, MASS SEPARATOR AND ION OBTICS SYSTEM

A sector type magnet was chosen to separate the protens
from the rest of the beam. It.fulfills the two basic requir
ments — separafion.of the'protqn,beam frem beth the charged
and uncharged (i.e., photons, charge exchange neutrals) con-
taminants from the source without seriously defocusing.the
beam. Section IV-B diécusses_the tradeoff between adequate
sepération of charged sﬁecies and beam defocusing due to energy
dispersion which must- be made in choosing the separator

angle. As shown in Fig. V-2 a 20° sector separates the pro-
+
2
4 com downstream of the exit plane of the separator. The in-

tons from the H, beam by 0.6 cm at the aperture stop located
crease in diameter of the 1 mm diameter, 1000 V beam due to

a 50 eV energy spread when passing through Ehis 20° separator
is less than 0.5 mm. Thus, a -2 mm aperture will pass all of
the proton beam‘and-block othér charged species. This separ-
ator will nominally operate at a magnetic field of 300 gauss
and consume less than 200 W. It should not réquike water
coocling. The final design of a separator such as this which
is to be actually constructed should involve careful consider-
ation of the shape of Ehe'magnet pole entrance and exit sur-
faces and of the magnetic gap itself te minimize aberrations.
It is not possible to treat such factors in a parametric way

so that they would be meaningful here.
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An possible alternative-éhoice of separatorvig the
crossed‘électric and magnetic field or E x B separdtor oper-
ated to deflect-the proton béam through an angle of 5° or
more. The principal. drawback to this device appears to be
the difficulty of designing the electric field pole pieces
to achieve the desired uniform electric fields without'-a
number of trimming electrodes. It appears that current
studies in this area will soon eliminate the problem, making
this a very attractive device. The advantages of an E X B
separator. is that first order aberrations may be reduced by
a proper selection of the ratio E/B.

The beam extraction system is designed so that tﬂe only
source is at high veltage, and all pumps, lenses and, of
course, the samples are at ground potential. The beam-is
kept small until it reaches the last-lens, to reduce aberra-
tions in the lenses and separator and to reduce the size- of
components. The small beam can be scanned over the sample
thus giving advantages such as uniformity, intensity control,
and sample size. The small size,of the beam also means that
it is possible to isolate the source chamber from the main
chamber with a small orifice without affecting the beam.
Thus, the two chambers may be pumped separately and the
large gas load from the source removed without interacting
with the target. In addition, the orifice is used te adjust
the ion beam intensity. The use of such an orifice-places a
major constraint on ‘the design of the vacuum system becaise
the system should be free-of gases which can be decomposed
to form a dielectric film over the surface of the orifice.
If such a film forms, it can develop a surface charge which
causes-the orifice to act as an elec¢trostatic lens that will
perturb the ion beam. As a result} the vacuum system is
limited to the-use of sputter ion and-titanium sublimation

pumps.
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It is of interest to briefly consider the function of
each element of the ion optical system in- turn.

1.. The ion extractioﬁ system focuses the ions
from the source into a beam with a ‘diver-
gence angle compatible with the rxest of the
ion optical system. It is operated in the
accel/decel mode (see Section IV-A) to
prevent electron backstreaming and to permit
adjustment-of the beam voltage without af-
fecting the field gradient at the surface
of the plasma in the source from which the
ions are extracted. The single small aper-
ture provides adequate current while still-
acting as an effective flow impedance- to re-
duce neutral hydrogen efflux from the dis-

charge chamber.

2. The first einzel lens focuses the ion beam
through the separator onto the aperture
4 cm from the exit plane of the magnetic
sector. By adjusting the beam size at
this aperture the intensity of the beam
which arrives at the target may be. adjusted
by a factor of 100.

3. The magnetic mass separator and the orifice
separate the proton beam from the other ions,
the hydrogen gas, the Lyman alpha photons, and

the fast neutrals due to charge exchange.

4, The secoend einzel léns controls the size of -
the beam at the target. It is capable of
expanding the beam that passes through the
aperture to 10 cm diameter at--the target
plane-or maintaining the beam-size‘qt
0.1 em so that it may be scanned over the

target,
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C.

The above four elements will provide a 10 cm
diameter beam at the target in which no pro-
ton trajectory- has an angle of more than 3°
with respect to the normal from the target
plane., If a more parallel beam is desired,
an additional einzel lens (not shown in

Fig. V-3) may be inserted to collimate the
beam. Because this lens must accommodate a
10 o¢m diameter beam, the aberrations will be
appreciable and it is not recommended that it

be used in this system.

As shown in the insert in Fig. V-3), a set
of deflection plates may be inserted between
the second lens and the target- to raster

the beam.

NEUTRALIZER

the proton beam when it is irrédiating dielect%ic samples

was discussed in Section III-B-1.
of an electron source that produces a maximum of 3 x 10
of 20 to 40 eV electrons.

directly heated filament source or an indirectly heated

cathode in an accel-decel configuratien.

6

As the neutral-

The importance of neutralizing the positive’charge of

The neutralizer consists

A

This can be accomplished using a

izer is mounted inside the sample chamber, the neutralizer-

to-target distance will be less than 20 cm. The space

charge limited flow of current to the-target for a 20V

potential and a 20.cm distance is -
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. 2.33 x 107% (20)%/2
e = (20)2

= 5.2 x 10_7‘A—cm_2 .

This value is larger than the 3 :él(}_8 A—cm_2 value required

to neutralize the maximum 1000 equivalent-sun dose rate.
D. SAMPLE CHAMBER

The sample chamber contains the cryogenic shroud, the
transfer arms, and the sample mounting plate, which in addi-
tion to supporting the samples also supports the proton,
electron, and photon detection and measurement apparatus.
The discussion of the sample chamber components is suffi-
ciently detailed to explain the manner in which they operate.
However, because the major emphasis of the program was to
develop the solar wind simulator, these components were not
analyzed to the same extent as were the ion source- and the
ion optics. The discussion is divided into an analysis-of
the sample holder and.the eryo shroud, and of the measure-

ment equipment.

1. Sample Mounting Plate

The sample mounting plate is ‘a constant temperature
plate to which the samples are mechanically attached. It is
held at a constant temperature by the circulation-of a fluid
from an exterior constant temperature reservoir. The unit is
designed to be in a horizontal position so as to be able to
accept powder samples. The axis of the proton beam is nor-
mal to the sample surface while the light beam is at a 15°

angle.
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The mounting plate is supported on ground rods with
ball bearing bushings used to allow easy travel along the
rods. Bellows .-sealed rotary motion devices are .used to move
the plate in the %~y plane. The travel makes possible the
sample transfer and the probing of the proton and photon
beams. The sample transfer operates in the following man-
ner. The plate is positioned above the z-axis transfer arm
(see Fig. V-4). The arm is extended to engage the sample .
holder, and the rotary motion then is used teo unlock the
sample. The sample is carried upward by moving the z-axis
transfer arm and the sample is transferred to the y-axis
sample transport arm. The y-axlis transfer arm moves the
sample into the integrating sphere. i

Good thermal contact between the sample and- the sample
mounting plate is essential to prevent annealing of the
damage sites. This requires locking the sample holders to
the sample mounting plate by a screw thread or a bayonet
mount. The sample holder is a copper slug which is coated
with the sample of thermal control coating. The sample (as
it sits on the sample holder) is positioned about 0.2 cm above
the surféce of the mounting plate. This is to prevent any
material sputtered from the plate from striking the sample
surface.

Two types of sample configurations are considered.

In one case, all of the irradiated samples are mounted in

a 10 cm diameter circle. These samples are simultaneously
proton and photon irradiated. Several coentrol samples-are
placed outside the edge of the beam. In the second configu-
ration three samples-are exposed to proetons eonly, three re-
ceive protons and phetons, three receive only photons, and

the remaining are controls.
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The temperature control of the mounting plate is accom-
plished by circulating fluid through flexible lines in the
vacuum system to the sample. plate. Thus, the plate can
operate dewn to about 1l00°K (the boiling point of nitrogen).
Operating temperatures of about 330°K can be obtained by
using either a higher boiling fluid or electric resistance
heaters. Thermocouples can bé used to determine the mount-
ing- plate temperature and thus the sample temperature.

A liqguid nitregen ccoled shroud is located over the
sample stage. This shroud, which is shown in Fig. V-4,
sexves several functions. It acts as a collimator for the
incident photon and proton béams. The inner surface is
coated to have absorptivity of about 0.95 so that the shroud
will trap nearly all of the reflected photon radiation. This
coating is formed by anodization or oxidation of the surface:
The surface will condense the materials that are evaporated-
or sputtered from the-sample-and the sample stage. The -
shroud also serves to simulate the 4°K condition of space
that surrounds a satellite. The radiation sink provided by
the 100°K shroud is essentially equal to the 4°K cendition

of space which surrounds the "“300°K satellite.

2. Beam Measurement Egquipment

The sample mounting plate also supports the apparatus
for determining the flux, energy, and profile of the proton
and electron beams-and the flux and profile of the photon
beam. The determination of the jion beam purity requires a
mass spectrometer which could be locate& below the-sample
plate. These detectors, as well as some pressure sensors,
are part of the control -loop-which regulates the operation

of the ion source and the neutralizer.
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The determinatien of the flux, energy, and profile of
the proton beam is best accomplished by means of a Faraday
collector. This is a deep collector cup with a length of
about four times the diameter of’ the cup. It is shown in
Fig. V-5. The narrow deep geometry of the cup is necessary
to reduce the electric field at the bottom of the cup. The
field is due to the potential difference between the cup and
the surroundings. As a rough rule of thumb, the field in
a tube falls off about e fold for each length down the
tube equal to a diameter length. Thus, for a 4 tdé 1 ratio,”
the potential at the base of the collector is of the order
of a few percent of the magnitude of the potential differ-
ence between the collector and the shield at its entrance.
The low potential is essential to trap all secondary elec-
trons and ions. that are- formed by. the collection of ener-
getic particles at the bottom of the Faraday collector. A
short collector can be used if grids are used to suppress
the secondary electron currents. Systems which use a short
open coellector or a collector in which the walls and base
of .the coellector are separated are subject to errors due to
the losses of the secondary currents.

The most accurate determination of the proton.beam
flux, energy, and profile is obtained when the -neutralizer
and the photon sdurce are turned .0off. This can be done
{prior to thé introduction of dielectric samples into the’
system) by using metal blanks in place of the samples. The
reason for this is to avoid the problems associated with
measuring small currents of positive ions in the presence of.
neutralizer electron and photoelectron currents of equal or

larger magnitude.
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The flux is measured by allowing the beam to pass through
an aperture of known area into the Faraday collector. The
flux is the beam current per unit area. There are two as-.
pects of the proton"beam energy that must be measured: the
proton energy and the energy spread. The proton energy is
determined by measuring the beam current as a function of the
bias potential placed on the Faraday collector which-is shown
in Fig. V-5. A representative curve is shown in Fig. V-6.

The energy spread of the proton béam is given by first deriva-
tive of the current. This is shown in graphical form in
Fig. v-7.

The profile is determined - by measuring the beam flux-

(at any. fixed set of operating conditions) at a number of
points by moving the sample plate in the x-y plane. The

cross sectional area of the Faraday collector is established
as a .compromise between signal strength and resolution. The
collector shown in Fig. V=5 has a 1 cm diameter aperture which
is 10% of the beam diameter and 1% of the beam area. The
sample size is estimated to be 2.5 cm diameter. Thus the
detector is about 1/6 the sample area. If desired, the flux,
energy, and profile of the electron beam can be measured in

a similar manner with the proton and photon beams off.

Simultaneous measurement of the proton and electron
“beams are needed to regulate the operation of both sources,
"to provide the data about the proton dose rate, and to verify
the degree of beam charge neutralization. To do this, it is
necessary to separate the positively charged ien component
from the negatively charged electrons. This can be accom-
plished by passing the ion and electron beam through a com-
bined electric and magnetic field. This is shown in Fig. V-8.
An alternative method of measuring the two components is to
use a moduiating grid collector.. This is shown in Fig. V-9.
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Grids 1 and 3, the collector shield, and the aperture plate
are at ground potential. Grid 2 has a modulated square wave
potential applied to it. This grid modulates the elec-

tron - component, leaﬁing the ion component to reach thé col-
lector. Grid 3 serves to reduce the capacitive coupling of
the modulated grid and the collector. Grid 4 is used to
suppress secondary electrons. This type of collector was
developed for use on the Explorer 10 by the I1.I.T. group
(Ref. V-1).
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Fig. V-9. Ion-electron separator.

Some of the experimental problems that should be antici-~
pated in the design of the measurement apparatus include
both extremely low signal levels and the high noise levels
that can result from the rf generator used in the ion source,
the plasma in the ion source; stray electron currents in the
chamber, and photoelectrons. While there is little that can
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be done about the low signal levels (e.g., signal of the
-13
order of 10

high noise level. The rf and plasma noise can be reduced by

AY, there are a number of remedies for the

the use of 7 or T section filters or by the use of ferrite
beads. The design of the filters can be obtained from any
standard-text. Carefully designed shields are the most
effective way of preventing the stray electron currents
from measurement as part-of the signal. Photoelectric cur-
rents can be suppressed by operating the collector at a
slightly positive bias with respect to the surroundings.

Mass spectrometric analysis of the proton beam to
determine the beam purity is essential in sdélar  wind simula-
tor systems that use the Bennett type rf mass separators to
purify the proton beam. This is because of the variable
filtering of this device (see Section IV~-B). A mass
analysis of the proton beam formed in thelproposed optimized
system is unnecessary because the design of the magnetic
field mass separator beam purifier will produce an essen-
tially pure proton beam. Nevertheless, a discussion of the
design requirements for a mass_spectrémeter analyzer is
included in this section to make this report a complete
survey of the elements of a solar wind simulator.

The design requirements for the mass analyzer, which
could be used to determine the beam purity, involve some
unique features because of limitatiens imposed by the operat-
ing conditions of the solar wind simulator. The two most
important problems are the very low signal strength and the
high ion energy. A conventional mass spectrometer operates
with ion currents- that are significantly larger than that
of the solar wind, and with ion energies that are much

lower than the 0.5 to 3 keV-energy range of the solar wind.
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The magnitude of the.signgl'(assumipg a beam current
density of 3 x 10—11 A—cm—z) is.limited by the geometry of.
the entrance aperture of the analyzer, the transmission
through the analyzer, and the requirement for detecting im-
purities to a specific precision. If.we assume an entrance
area of 0.1 cm2 and 1003 transmiésion through the analyzeri2

A

the maximum proton. signal at the detector would be 3 x 10 .
If a precision of *0.5%; is desired (i.e., measurement of the
proton content to 99 % 0.5% and - of the total impurity level

to 1 £ 0.5%), the detector must be éble to measure signals

to below 1.5 x 10 *% A. The minimum signal level will be

even smaller because resolution of the impurities is neces-

sary to the determination of the total impurities.

The measurement of dc 'signals of this magnitude is dif-
ficult and requires the use of a.1l0 or 14 stage electron
multiplier to amplify the signals by a factor of about.106.
Even.so, the measurement of fhe output signal. (of the
order of 10_9 A) is difficult due @o'the presence. of rf
noise (produced by the ion source).

The type of impurity will be éepgndent on the purity
of the gas,. the type of ion source and mass separator.used,
and the composition of- the residual gas in the system. In,
general, we expect.the two most p;ominént impurities to be H;

and H;. Residual gas and impurities in the H2 gas supply
-will result in the production of-ions such as CHZ, oH",

H,0",-N3, 03, CO*, and co;:
Hg and Hg in the H' beam is much easier than the detection

Detection and measurement of

of the higher mass ions. This is particularly difficult be-
cause of the kilovolt energies associated with the solar
wind particles. For.example,-a 5 cm radius of curéatUre
magneﬁic deflection mass spectrometer analyzing an,H+, Hg,
H,0', and CO,
would require magnetic fields of 910, 1290, 3860, and- 6050
gauss. The. last two would regquire a complex electromagnet;
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A proposed beam purity analyzer would have the .follow~
ing characteristics. « It would consist of a.60° sector mag- -
netic mass separator mounted on:a -vacuum flange belew the
sample plaﬁe. The. entrance aperture would view the proton‘
beam through one of the holes in which. the samples are '
usually meunted, The. presence.of the large electromagnet
makes .it necessary to put it outside the chamber: The Qe—
tector would consist of a 14 stage electron multiplier.

The presence of fast neutrals- at. the target is antici-
pated only in systems using the rf type mass separator to
purify the ion beam. The detection of these fast particles.
requires a.mass-analyzer (similar to that jusr discgssed)
that has a special ionizer‘section. This is because the
neutrals have velocities a55001ated w1th energies. of 1000 eV.
This means the neutral transit.time through the electron
beam in the ionizer is.a few percent of the transit time of
a room temperature gas. )

The ion—electron converter (Refs. V-2, V-3) can be.used,
for visual check of the beam shape and density variations.
This consists of a fine metal mesh and an electron excited
phosphor on a plate. The ions strike'. the mesh, generating
secondary electroas.which strike the phoephor rhat is held
at a high positive potential this is shown in Fig. V-10. Use
of an- electroformed nickel mesh of 400 wires/cﬁ-gives resolu-—
tion on the order of 25 to 50 um,

B. THEORY AND DESIGN OF THE VACUUM SYSTEM

The goal in designing the vacuum system for the oviau
wind simulater is to provide an ultrahigh vacuum- (UHV) en-
vironr_nent for the experiments in the proton and.photon ir-
radiation of- the thermal control ceating materials, -in order

to simulate the conditions of interplanetary-space.- The
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desired conditions are that all gases evolved from the sur-
faces are pumped to prevent their return to the surfaces,
that the photon radiation (either reflected or emitted from
the surface) is trapped to prevent its reflection onto othé:
samples, and that the arrival of residual gas and radiation

from the vacuum walls is negligible.
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Fig. V-10. Ion-electron converter.

The proposed simulator consists of three subsystems
which can be isclated from each other. These subsystems
are the ion source, the integrating sphere, and the sample
chamber. The bulk of the gas lcad will be pumped at the ion
source. The ion source chamber can be isolated from the
main chamber in order to permit either chamber to be let up
to atmospheric pressure for loading or for repairs. The
analysis of the components is presented in the following

sections.
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Estimates of the gas pressure in the interplanetary
13 Torr (Ref. V-4) for thermal
11 Torr -(Ref. V-4})

for the directed stream of the solar wind from the sun. The

space are of the order of 10

energy particles ana of the order of 10

achievement of these pressures in a laboratory vacuum system
is possible but only at great expense, and is limited to
systems where all the materials (including the samples) are
selected on the basis of having low outgassing rates. 1In
the .case of the solar wind simulator the large gas load,
which is made up of neutral hydrogen that comes from the ion
source and of the variety of gases that result from the out-
gassing of the samples of thermal control coatihgs and of
the internal coating of the integrating sphere, made it a

practical impossibility to achieve a 10_13 Torr pressure.

The task of establishing an operating pressure for the
optimized solar wind simulator concept is difficult because
of the necessity of specifying (in addition to the maximum
total operating pressure) the limit on the partial ‘pressure
of the residual gases that can be present in the vacuum
station. Because of the limited amount of information it
is not possible to establish a’ priori tolerance limits for
the pressure of residual gases in the system. Instead, it
is advisable to use a sensitive residual gas analyzer (RGA}-
to determine the partial pressures of the gases and to cor-

relate this with the experimental observations.

1. Optimum Design Concept for the.Solar Wind Simulator
Vacuum System

A conceptual design for the vacuum system for the solar
wind simulator is shown in Fig. V~1.. The basic system has
been divided into three component areas; the ion source and
beam forming component, the main chamber which contains the

samples, and the integrating sphere. This division is a
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natural one that results from the differences in the gas-
leoads and the vacuum problems.associated with each of these
components. -

The- ion source, which presents the major gas load to the
total - system, is differentially pumped -to minimize the ‘gas
flow into the main chamber. This is accomplished by focus-
ing the ion beam through a 0.2 cm diameter hole in the aper-
ture plate that isolates the ion source and mass separator
section from the rest of the system. This feature represents
a major advantage of the system which expands a single small
beam as opposed to a system which uses a broad beam. The ion
source and the beam forming chamber- are isolated from the
main chamber by a high vacuum gate valve. This makes it
possible to maintain the vacuum in one section, while the
other section is open for modification of components or
samples. This is-especially important if it becomes neces-
sary to repair or modify the ion-socurce while the samples are
kept in a UHV environment. -

The internal reflective white coating of the integrat-
ing sphere has a very high surface to volume ratioc; "there-
fore, when it is exposed to air, it can adsorb a large amount
of gas, which presents a large gas load to the system. The
fragile nature of this coating makes it advisable to mini-
mize the number of times the surface is subjected to the
evacuation process. - ?or these two reasons, the integrating
sphere has a gate valve to isolate it from the main.chamber.

The main vacuum chamber contains all the remaining
equipment needed for the proton-photon irradiation of the
thermal centrol coatings. This includes a temperature con-
trolled stage on which the samples are mounted, the sample
transfer mechanism, the probes to meaéure the ion, electron,
and photon flux distribution at the target plane, equipment
to analyze the beam purity-and the wvacuum condition, a liquid

nitrogen cooled shroud, and the vacuum pumps.
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The physical size of the vacuum chamber and the layout
of the component is primarily dependent on the choice of the
sample transfer mechanism. The design shown in Pig. V-4
involves the use of linear and rotational motion manipulators
that are.compatible with the UHV reguirements of the experi-
ment. This means that sliding~turning manipulators that
use. elastomer seals may not be used-if the system is to be
baked out. The two basic types of UHV manipulaters invelve
motion mechanically transmitted through a bellows er motion
achieved by magnetic coupling through a thin walled stainless
steel tube. Both types can be obtained from several manu-
facturers of vacuum equipment.

The magnetically coupled mechanism cembines linear and
rotational motion ever a distahce as large as 1 m. The
ability to travel long distances makes this device useful :
in transporting the.sample from the z-axis manipulator to
the integrating sphere. The magnetie'couplingﬂlimits the
torque that can be transmitted into the vacuum system. Be-
cause of this feature, this mechanism is not suited for use
in locking/unlocking of the sample holder to the sample plate.
In addition, the limited torque can result in an uneven
motien during the start_or:stop of the unit if the. inertia
of the unit and its load is large. This factor.may alse
limit. the accuracy to which it can be repositioned.

In the bellows sealed units, direct:linear and rota-
tional mechanical motion is'transmitted idto the- vacuum
chamber through- the bellows ﬁhich acts as a flexible element
of the.chamber wall. The advantages of this type of device
are the large torque that can bé delivered and the accuracy
with which the.manipulator cin be repositioned. The linear
motion is limited by the length of the bellows. Devices with
linear travel up to 26 ¢m are listed in catalogs. Devices

with longer travel would have to be made up as a special
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order. The combination of rotational and-linear motion into
one unit (using two bellows) is very expensive compared with
the magnetically coupled dévice. 'This combined unit would be
best suited for the locking/unlocking z-axis transfer
mechanism. Two rotary devices, which use a bellows seal,
would be used to drive the.sample plate in the X and Y plane.

The design of -these moving components must include pro-
visions for lubricating the contact surfaces with lubricants
that are compatible with the UHV environment. In the ab-
sence of a lubricant, the friction mechanism is believed to
be due to the contact of small areas on the two surfaces,
the formation of chemical bonds between the surfaces, and
‘the rupture of these bonds (Refs. V-5, V-6). In the presence
of oxygen, most metals form oxide films which limit the num-
ber of bonds and also the bond strengths, thus limiting the
friction between the metals. For vacuums below‘ZI.O_8 Torr,
the rate of arrival of gas to the surfaces is low and thus
the rate of reformation of the oxide films i1& low. This is
reflected in an increase in the friction between the two metal
surfaces. Failure results in a great increase-in wear of the
surfaces and in the.seizing of the surfaces as-a result of
cold welding.

Lubrication of the contacting metal strfaces is neces-—
sary to prevent-damage -to:-the sliding or rotating components.
Greases and oils may not be used because of the danger of
outgassing of these materials; which could result.in a coat-
ing being formed on the samples of thermal control materials,
Dry f£ilm lubricants such as molybdenum disulfide (Ref. V-7)
are-used in UHV system components. The service life of the
film, which depends on the method of application and on the
applied 1lo¢ad, can be of the order of a thousand hours ’

(Ref. V-8). '
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2, Measurement and Analysis eof the Vacuum Conditions

The measurement of the total residual gas pressure-and
the analysis of the residual gas in_the vacuum system is an
important. element in the operation of the solar wind simu-
lator. An accurate characterization of the vacuum enviren-
ment 1s necessary- for several reasons which are cited below.
Both before. and during a test, it is necessary to verify
that the vacuum environment-is better than a designated
standard. During the run, the‘parﬁial pressure of a speci-
fic gas may change and thus- indicate a change in the appara-
tus or the sample. Analysis of- the residual gases is -use-
ful in determining the environment to which the samples are
exposed.

The Bayard-Alpert ion gauge is used to measure the total
3 01 x 10730
Torr. The cost of the gauge tube is low and the cost of the

residual gas pressure- ever- the range-of 1-'x 10

control supply is-moderate. As a result, it is used in al-
most all UHV facilities. If the system is capable of operat-.

ing down to the 10 +%

Torr range, other forms of ienization
gauges can be used  to measure the pressure. These include
the Helmer gauge, the Redhead gauge, and the Kreisman gauge,
As .these units cost two or more times the price of the
Bayard-Alpert.units, they need not be considered unless the
system is capable of operating-at pressures below 10_10 Torr.
The most popular residual gas analyzer is the rf guadru-
pole mass spectrometer.  Several corporations manufacture
this type of instrument. These are capable of measuring par-
tial pressures of-lO-l4 Térr, but because of the wvariable
gain of the electren multiplier detecter and the variable
transmission of ions through the analyzer section, these
instruments are generally used for qualitative rather than

quantitative measurement of the residual gases. ' In . additien
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te electronic control of. the transmission, it is-possible
teo.electronically adjust- the sensitivity, the-mass range
of- the scan, and the scan rate in oxder to obtain the maxi-
mum infofmétion, ‘

In-addition to locating real’and.virtual leaks -and
1dent1fy1ng the gases evolved from the samples due to. de-
sorption or decompositien, the re51dual gas analyzer is im--
portant in the accurate determination of . the pressure in the
vacuum system. In a system in which the residual gas is-
maiﬁly hydrogen, the‘failure.to correct -fer the smaller.
iOni;atioﬂ crosé section‘of,hydrogen can causé a signifi-
cant error in the measurement of the total gas pressgure;

THe response pf the ionizatien gauge tubes is calibrated

as a function of air or N, gas pressure. Thus, in systems

which consist of N2,302, éo,’coz, and H20 the .ion gauge con-
troller reading accurately. represents the true pressure to
within a few percent. Bééause the ionization cross section
of hydrogen is a smaller value, the gauge response of.hydro-
gen is about 0.4 (Refs. V-9, V-10) of the nitreogen value.
As a result, the ionization gauge control readings for the
hydrogen system must be multiplied by 2.5 to obtain the true
value for the hydregen pressure. The RGA is used te deter-
mine the relative concentration of the various gases -in_thé
system{ so that the‘partial pressures of each gas-may be

determined.

3. The Use of a Sputter Ion Pump in a Hydrogen Atmesphere-

The most common pump type used in UHV systems at present
I's the sputter ien pump. The features-which faver this wi@e
usage are the freedom frem contamination by the pumping.
medium, the silent operation, .the freedom from the need for:
cooling fluids such as water or cryogenic liquids’, the
ability to bake out the pump, the relatively simple construc-

tion, and the low oeperating cost. Some negative features’
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are the relatively high cost of the pump and its controls
and.the operating characteristic -which causes the pump-to-
stop operation or fail if the gas load causes the-pressure
to . exceed -about 1.x 10 % Torr.

Under nermal conditioens, the sputter ion pump is a
good- choice for a UHV system. Systems in which hydrogen.is
- the 'major gas species present are an important exceéption be-

cause of the unusual nature of the sputter ion pumping of

hydregen gas. This problem will be discussed in this section.

Rutherford and Jepsen (Refs. V-11, V-12) have observed
that the hydrogen pumping speed of sputter ion pumps with
titanium cathodes is about. twice the puip's rated speed for
nitrogen, The pumping mechanism for hydrogen.was shown to
be due td a chemical_réaction_(gettgring) with the-cathede
material.. This is-in dentrast te- thé normal sputtering and’
titanium- burial mechanism by which ether gases-are pumped, .
This stétement is based on the following evidence. The
sputtering yield of the very light hydrogen ions is negli-
gibly small (see Section ITII-B-3). Several hydrogen. atoms
are pumped for each electron collected-at the anode. This
indicates that much hydrogen.is pumped without being
ionized. Weighing the cathodes before and after pumping and
after vacuum firing shewed that the nmajor-part.ef -the hydro=
gen.was pumped by the cathodes, Extensive cracking- and
swelling of the cathodes-occurred. Pumping--centinued after
the discharge-was turned off, with a‘time of.1 x 103 sec-
for an e-feold decrease in the .pumping speed.

This unigue aspect (the chemieal'pumpinngf'hydrogen.by;

adsorption in.the titanium cathedes) may present problems-in.
the use-of the sputter ion pump in the-solar wind simulator.
The-cathodes, which are designed to operate for long perieds-

of time in.the nermal sputter meode, of operation, will ‘swell
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http:hydrogen.is

and crack due. to the formation of titanium .-hydride. This
could cause shorting of these electrodes to the anode. The
swelling can cause the cathodes to warp,- which in turn- can
cause a large decrease in the cathode to pump wall contact
area. This contact is essential for the .cooling of the
cathodes. The bombardment by 5 keV ions is the cathode heat
source. For a typical 500 liter secpl ion pump, the power .
input is 0.5 kKVA at a pressure of 1 x 10_5 Torr, 3.5 kVA at.
a pressure of 10—4 Torr, and.5.1 kVA under starting condi-
tions. If the cathode fails to make good thermal contact.
with the walls of -the chamber, its temperature can exceed
250°C, the point at which the titanium hydride decomposes.
This can lead to an increase in pressure which increases the
discharge and can cause destruction of the electrode.

The best solution to this problem is to provide a large
capacity titanium sublimation pump in addition to the sputter-
ion pump. The sublimation pump, which operates by evaporating
a film of titanium over a large surface area, chemically
getters all but the inert gases. With this combination the
sublimation pump serves to pump- the major portion_gg_the
hydrogen gas as well as all the other gases except the
inert gases. The sputter ion pump is necessary for the
pumping of these gases and for the inert gases,

The selection of the appropriate size of -sputter ion
pump- and the sublimation pump can be made on the basis of
the ion source operating characteristics. If the use rate
of hydrogen gas is known, it is a relatively simple exer-
cise to estimate the pumb capacity needed to maintain a
specific.pressure in the ion beam transit chamber. For
example, a commercial rf ion source has a hydrogen use rate
3(STP) hoUr—l. .If the desired chambér pressure is

Torr and the gas temperature in the chamber is. about

of 4 cm
107°
300°K, the pump conductance S is determined by applying

Boyle's law and Charles' law as follows: -
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cm - hour liter 300°K 760 -Torr

hour = 3600 sec- 3.3 ¥ 373°%% % 10~6

107 cm Torr .

I’

103 liter-sec * (at 108 Torr)

If-the system is designed so that the pipe conductances are
much greater than, the pump conductance and thus can.be ig-
nored, the minimum pumping rate. Q is given as follows:

Q = sp

10° liter-sec * x 1078 Torr

10% liter-sec T x 1073 um

i

l'uliter~sec_l

This pumping rate considers only the hydrogen gas under
steady operating conditions. The total pump capacity of this
portion of the system must take-into account both the in-
creased hydrogen flow which may occur as a transient condi-
tion and the normal gas lead of-the system,

This safety. factor must be _a geénerous ohe, for unlike
the conventional mechanical and-diffusion pumped systems
which easily recover from a momentary- overload, the opera-
tion of the ion pump can bé seriously affected by a pres-.
sure-overload. If the pressure pulse is éufficient, the
power supply, which operates the sputter ion pump, changes
its operating mode into a lower voltage-higher current one.
This is a built-in safety feature, designed to protect the
ion pump electrodes. If the pressure pulse exceeds about
5 x 10_4 Torr, the point of maximum throughput for the ion
pump, both the throughput and pump speed decrease. A feed-
back loop develops in which the pressure continues to-in-

crease and the pumping capacity to deerease. The end result
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is that the trlp circuit in the ion pump power supply will
shut down the systemn. This- fallure mode is rare becaduse
the systems are designed with sufficient reserve pumping

capacity to take care of normal pressure bursts.

4. Theory, Des1gn, and Operatlon of a Tltanlum Sublimation
Pump .

The titanium sublimatiowu pulp UpeLdles on the principle
of pumping chemically reactive gases (H2, N2, 02, Cco, CO )
by gettering them on a titanium f£ilm. "The film is formed by
evaporating (subliming) the titanium by either direct re-
sistive heating of a titanium wire (or a titanium wrapped.
heater) or by electron bombardment heating of titanium-metal.
The metal is evaporated onto é cooled surface (geqefally
water ccoled but sometimes 1liguid nitroéen cooled} where the
vécuum gases can react with the film. The .advantage of this
system is that it is-possible to obtain very high pump spéeds
at a'relatively low cost. The problem is that the titanium
film pumps chemlcally reactive gases only.

The operating characteristics of a typlcal tltanlum
sublimation pump are shown in Fig. V-11, Each curve on the
graph is for- a specific titanium évaporatibn-rate. At the
~high pressure end,-the residual gas arrival rate is great
enough - to combine with all the available-titanium‘soithat_
the speed is dependent on the titanium arrival rate. At the
low pressure end, the pump speed is dependent on the arrival
of gas from the system. This'ié_referred'to as the area
limited speed of the pump. The total speed of. the pump is
thus dependent on the rate of titanium evaporation in the
high pressure region, and on Fhé surface area on which the

metal -is deposited in the low pressure range,

172



DOEA LI TED EL 2G0T

? / PUATEVR o SAELED

Py -

SPLLL

DELPEAL LA, O/
SE/E AEE TONS
A TEE

)

.-

LR,
ey

FRRESSL/ L —>

Fig. V-11. Characteristics of a titanium sublima-
tion pump.

The area limited speed SA of the pump can be obtained
from the product of the surface area and the intrinsic speed
which is given in Table V-I {Ref. V-13), and thus SA = Si A.
Because of the large pumping speeds that are possible with
this technique, it is critical that the conductance of the
system be calculated in order to determine an accurate esti-
mate of the net pumping speed. This is shown below.

Dushman (Ref. V-10) has formulated the following equa-
tion to approximate the conductance of a cylindrical tube of
length £ (cm), and of radius a(cm), for a gas at & tempera-

ture T(°K) and having a molecular weight M (grams mole_l)

z \1/2 -1
F =3.64K' A M liter-sec
) 1/2
= 3.64 —t_ i a2 z
3 £ M
1+ = =
8 a
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The values of K' are given for values of &/a. The over-all.

pumping speed S of the system which consists of a number

of tubes 1, 2, etc., and the pump is given as follows

%_ = %— + %— + %— -, ete.
R A 1 2

TABLE V-1

Intrinsic Speed for a Titanium
Surface 5; = liter-sec™+ cm™

. Gas
Surface Temperature
’ H2 N2 O2 co CO2 H20
2p0°cC 3.1 4.6 1.5 9.3 7.7 3.1
-195°¢C ig 10, 6.2 |10.8 [ 9.3 | 14

An example of this calculation is made.for the system
shown in Fig. V-3. The chamber is 34 cm long and 20 cm in
diameter; the side tube is about 16 c¢m long and 20 cm in
diameter. The sublimation pump body is about 30 cm in
diameter and 34 c¢m long. Thus, the variocus calculations are-

given below.

Sa = 51 Bryall)

fl

3.1 ('ZLiter—sec—'l cm"2) 34 {(cm) 7 30 (cm)
.

9940 liter—secul

The conductance of.the side tube is
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o
"

1/2 _
(3.64) (0.625) (1 102 (300\ liter sec™ !

8750 liter-sec 1

il

The conductance of the chamber is given by Fye

1/2
F, = (3.64) (0.439) (1 10%) (?%9)
. -1
= 6150 liter-sec
Thus the over-all pump speed is-
1 _ 1 1 1
s, - 9%%0 ' ®750 T. §I50
8p =. 2650 liter-sec ™

Thus the system is adequate to operate the ion source, which

3

uses 4 cm™~ (STP) hour_l of hydrogen gas.

5. Cryogenic Pumps

The use of liquid helium cooled cryogenic pumps is
not advisable for a system in which the predominant gas load
is hydrogen. The reason is. that the vapor pressure of hy-
drogen is of the oxder of 10_6 Torr, at a cryopump tempera--
ture of the order of 4.5 to 4.2°K (Ref. V-14). This value
is poorer than that which caﬁ be obtained- from the TSP .and

the ion pump.
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F. CONTROL LOOP SYSTEMS

The continuous.operation ¢f the solar wind simulatox
for long perieds (i.e., of the order of 1000 hours) requires
the use of control circults. The ion source pressure, which
is of the order of 10 to 30,um,‘ié monitored by. means of a
capacitance manometer. This unit servocontrols a variable
leak valve which adjusts the gas pressure in the ion .source.
The beam current at the target is monitored by means of a '
collector such as that shewn in Fig. V-8. This information
is fed back to the ion ‘source power, supplies to regulate
the beam flux to the target. The same is true for the neutral-.

izer and the photon source.
G. SUMMARY AND CONCLUSIONS

The design that has been produced satisfies all of the
requirements for the simqlation of the solar wind in the
laboratory. environment. Of the two ion sources‘that were
analyzed in Section IV-A, the rf was used in this design.
The ion optics system was.designed- to collimate a fine beam
of protons through a 0.2 cm aperture. and-expand it into a
10.cm beam at the target.. This has two advantages: (a).tbe
small beam permits the use of d-simple magnetig-mass separ-
ator to purify the beam and (bf the small aperture permits
differential pumping of the, system. The use of the magnetic
nasé separator results in a simplé ‘design in which the prob-
lems.due to energetic (charge exchange foxmed) neutréls and-
of energetic Lyman «. photons from the source are avoided
completely. The. use of an isolation valve between -the pro-
ton beam seource and the sample chamber permits the pressur-
ization of either part.of the system without damage to the
other haléf.
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SECTION VI
CONCLUSIONS AND SUMMARY

Based on the foregoing discussion it may be concluded.
that it is practical to simulate in the laboratory the iﬁter—
action between the solar wind and a thermal control coating.
In order to accomplish this effectively, it is necessary to'
provide a mass separator that deflects the protons out- of.
the beam of ions, neutréls, and photons which emerge. from-
the source. It is alsoc necessary to provide a neutralizing
electron beam at the target to assure that the kinetic
energy. of the protons which strike the target. is accﬁrately
controlled. _

Based on a first order analysis, it was concluded that
the results of the proton-sample interaction would be the
same for a pulsed and continuous.beam. If this can be,
verified experimentally, considerable simplicity and .versa-
tility can be achieved by rastering a small proton beam
over the target area rather than- expanding- the small beam
into a dilute broad beam.

A representative system has been described in detail in
Section V. It consists of an rf proton source, a secﬁor
type mass separator and a series of einzel lenses to-control
the beam dimensions. The entire system is housed.in a vacuum
chamber which may be valved off from the main vacuum chamber
to permit source repairs or adjustments without exposing the
samples to atmosphere. The source chamber is separated from
the main chamber by a small. aperture and differentially
pumped to prevent the high gas load from the source from
reaching the main chamber. Separate techniques are discussed.
for varying the proton energy and current density at the
target.
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In order to pursue this optimized design further,

several key experiments are required:

1. Verify the source emittance diagram

experimentally.

2. Establish the current range over which the

rf source will .operate stably.

3. Verify the source lifetime of lO3 hours

under typical operating conditions.

4, Compare dc and pulsed proton beam interac-—

‘tions with the test samples.
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APPENDIX A
ANALYSIS OF A SCANNED PROTON BEAM TECHNIQUE

I. INTRODUCTION

From an engineering standpoint, the fabrication .of a
proton gun using a scdnned.beam to achieve.uniform irradi-
ation offers several advantages over a flooded beam approach.
This includes uniform irradiation with a simpler intensity
contfgi. .

In considering .the use of a rastered beam, however, the
possibility of effects on the kinetics of celor center pro-
duction must be examined. The goal of a successful simulator
i$ to produce, for a given proton dose, the same.color center
density that would be obtained in the low flux, uniform ir-
radiation of the space environment. Two.aspects of ‘the
rastered versus flooded beam approach may affect the ultimate
color center density; these are the higher rates associated
with the rasteréd beam and the dead time where the raster-
spot is sweeping the remainder of the sample.

The following discussion- considers a number of aspects
of the color center production and defines the dependence -
upon the irradiatien mode. Specific examples are given in
Ref. A-1l. The processes considered are

e Displacement Production
e . Electronic Transitiens
® Color Center Density

It is concluded that for rates practical for laboratory
simulation, the rastered and -flooded beam will result in the
same- defect level for equal preoton doses.
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II. PROTON BEAM PARAMETERS-

For the current discussion, we will consider an ideal-
ized ragtering action. For this, the total beam current on
the sample will be considered constant, because the flux in
the rastered beam is higher by the ratio of.the sample area

‘to the area of the beam spot size (A/AA). We will also con-
sider that there is no overlap on the beam sweep, and the
dead’ (flyback) time is Zero. The beam geométry is taken as
rectangular, and the éxposure time of an element of area t
is then related to the raster rate t_ by t =-(AA/A)tO.
The raster time tO is the total time reguired to sweep the

entire sample,
III. DISPLACEMENT PRODUCTION

The displacement yield of protons, 1n tne kKiloelectren
volt region has been shown to be of unity erder in typical
pigment materials. Specifically for MgO, the yield varies
from 0.72 displacements/proton at 1 keV to 1.71-displacements/
proton at 3 keV. These values were.determined on. the basis,
of the Lindhard'theory and are developed-in detail in
Ref. A-1. '

The equation describing the increase, in displacement
density with fluence developed in Ref. A-l-.-considers several

facteors. These. include

@ Initial separation less.than a minimum- criti-
cal distance r* will result in immediate
recombination of the vacancy interstitial

pair.

° The distributien in energy received by. the
target ion.and the resulting distribution

in displacement distance.
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[ The material parameters that determine
nuclear cross.sectiens. and- displacenment

ranges.

This model was solved analytically within the dependence
on the parameter r*i The resulting equation was found to
depend.only upon the total fluence (i.e., the flux appears
only in terms involving the product of flux times time) and
therefore, would indicate no dependence upon irradiation
mode, rastered or flooded:

The model would break down, however, if the depsity of-
mobile ions ever increased until there was a significant
interaction between them. The previous development con-
sidered a mobile ion in an otherwise perfect lattice struc-
ture. In order to estimate the time scale for such processes,

-we may consider the velocity of- the moving ion. The average’
energy transferred to the target ion is the order of 20 eV

for protons in the low kiloelectron velt range and target ions-
of the order of 25 AMU's. A simple calculation of the veloc-
ity yields épproximately 106 cn/sec. In Ref. A-1 an average
range of displacement.was shown to be\thé order of a few
Angstroms, indicating a displacement time the order of 10_14
sec. This energy- is then released to the lattice as.thermal
vibrations and may as a worst case estimate be taken as the
order of lO—ll sec (Ref. A=2).

The most difficult number to define is the density of
mobile ions at-which interactions become impertant. A rough
estimate may be made. as followst The average.displacement.
distance. is approximately two to, three lattice spacings
(Ref. A-1l). Extending this to five for a worst case, the
volume associated with each moving ion is then on the order
of 500 lattice sites (4/3) ﬂr3, r = 5. The point at which
there would be a 1% chance that two. moving ions are created
within this volume is given by
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500- - N =-0.01=--Nb
where

Ny

i

[_I
0

=2

mobile ion density

|

|.._l
Q
a2

o ‘target ion density

1i;

N

For MgO, the value of NQ is approximately 5 x 102

1n a density of Ng = /cm3.-

The actual density of mobile ions is. glven by

]
- N' @t
=~"‘*“"'R""—“"“"'
d P
Wherg
N' = displacement yields/prdton
o = proton f£lux )
tD Z time constant en displacemen;.productiqn
Rp = proton: range ('\:lO-6 cm)

Inserting the numﬁers'from above, we obtain

. N-R .
2 = -
D
1nl8 -6
- 40 X Egl = 1023 protons/cm2
) 1x 10 7=

zlresqlting

which exceeds the practlcal llmlts p0551ble for laboratory

simulation by several orders of magnltude

For dlsplacement productlon, 1t may. then be congluded

that
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) High rate effects will not ocdcur until
fluences well in excess- of practical simu-

lation-levels are reached.

@ At working flux levels, the diéplécement:
density is a function of the total fluence
only and therefore will not-vary between

the rastered. and flooded mode of irradiation.
IV:. ELECTRONIC TRANSITIONS-

As with-displacement production, the possibility of. high
rate effects upon analysis of the electronic transitions in-
velved in color center production must.be considered. The
method of analysis is typically based upon.a set of rate
equations which describe thevgene;atign,:trapping, and re-
combination of the eiectron—hole,pairs ﬁreduced-by the pro-
ton. . The particulars of these equations.will vary.with the
materials, but may be described- by considering a specific
set. Again, we refer to the.MgO study of Ref. A-1l; the
general technique of rate equation analysis received a
_ thorough discussion in Ref. A-3. -

Consider first the rate of. production of free holes:

dp _ Ph i
at - 9 F 3 kl p(H ph) k2p R
where
p = free hole density
g = ionization rate
P, = trapped hole density (coloxr center)
T = thermalftrap-lifetime~‘
k = rate constant
R = recombination center density.



The first term is the number of electron-hole pairs created
per unit-volume and time. The second represents an increase
in free holes due to thermal.release of. trapped. carriers.
The third texm describes hole trapping and the last describes
recombination.

The cérreéponding equation for trapped hole density is

P
dp  _ - n _ .k
dt k.'L p(H ph) T

and it must also be noted that H is really a function of
time. The value of T is known. from.bleaching studieséapd
for centers which pose a problem to, long.missions, will be of
the order of hours or longert- The value of g is estimated

at worst case by assuming that all the énergy goes .into
ionization and an energy of.three times the band gap, on the
average, 1is required to form an electron hole pair.

Therefore,

@.
S

K. (38_)

p g

where

Ep = proton energy
R? = proton range
E = band a

g 1 gap

Thus, for an insulator such as Mg0®

& - 3% 100 _ .8

30 x 10°°

93Kev
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The recombination centers R are provided by impurity levels
such as_ Cr and Fe in MgO. The density may-be estimated
from the impurity analysis and for 100 ppm material would be
of the order of 1018 centers/cm3. The rate constants k and
k2 are given by the proauct of thermal velocity of-the free
carrier and interaction cross section. For a coulomb attrac-
tive center, which the R center would be expected to be,

we obtain

k, =vs = 1077 x 1073 = 107° g——;ﬁ;

The constant kl may vary from the same to three orders of
magnitude smaller. The possibility of dependence upon radi-
ation mode is associated with the difference in flux between
the rastered and flooded beam. The possibility of high rate
effects may show up in two ways. First, if the density of
free carriers exceeds 1019/cm3
carriers becomes important and would negate the validity of:
the set of rate equations. Second, if the free carrier
density is the order of-the recombination center density R,
then R will not remain a constant but must be determined
by additional rate equations. The additional equatioens would-
involve more parameters which must be determined and limit
the usefulness of the model.

We may estimate the free hole, density by considering
the first rate equation. During radiation, the direct
generation of free carriers would exceed the thermal trap
release in most circumstances. The initial concentration
of H centers will be approximately equal to R (one positve
ion vacancy is generated for each two trivalent impurity

ions) and Py will be much less than H:

; the direct interaction between
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For.the case of Mgo, aﬁd{genérally.most other material,
the trapping cross section will be much .less than.the recom-
bination cross sectioen.- Considering these assumptions, a

good approximation for early time ir

ﬁ@kfh

= g = kypR

From this, the effective lifetime is ‘seen to. be 'Tp = l/k_2 R
= (2078 x 108 = 10712
equilibrium on a time scale that is very rapid. cempared with:

sec. and- the free. carriers will -be in

irradiation- times. Therefore,

P g/k,R = 10° 9/k,R .

For the numbers quoted above for MgO, é =_1074@: ) As_ih

the case of defect production, we again find a. flux exceeding
normal simulation levelé is reguired to produce high rate,
effects. For example, a flux of 1014 protons/émz/ sec would

be typical of the rastered beam which makes p v lOlO’thes/

cm> << 1078,
In summary, we may- conclude-
o High rate. effects would only occur aboyé‘
102l protons/cmz/sec, which is well‘in ex-

cess of laboratory simulation levels.

] Rate equations describing production of
free carriers will not .depend. on- the ir-

radiation mode, rastered or flooded.
V. COLOR CENTER DENSITY

Subsequent toe the produg@ion of displacements, the
vacancies may capture free carriers which may then display
an. absorption band in the solar spectrum. These coler
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centers provide the mechanism by which thermal energy is
trégsmitted to the coating. , -

The steady state density of coler centers. will depend'
on the displacement density and thermal- depth of the trapping
center. To represent a serious'problém for thermal control
surfaces,'thé room temperature lifetime must be on”the oxrder
of hours or.greater. ‘

Possible effects of irradiation mode, (rastered or
flooded) upon the color center density may result from heat--
ing effects on‘the raster rate relative to bleaching timesal

The rate equation for color centerxr production was

dph

T = Kip (B 7Py~ P/t

The coefficient klp was estimated as

klp = (10

in Secfion IITI of this Appendix. Practical levels for ¢

9 L atLl5

may vary from 10+ (flooded beam, low rate) to 10

(rastered beam, high rate). The value of- 1/t for a
several hour lifetime is,oﬁ the orde;-of_10—4l Since- py s
H for all values of time, the thermal bleaching term is -
important only when éh v H. At low proten flux levels, the
free hole. density is approximately censtant at the value of
g/sz and the color center density wi}l be governed. by the.
value of H, which was shown earlier 'to depend-only upon
the total fluence and not the flux.. At -high .flux-rates, the
coefficient klp is of the.order of unity and any- deviation
of Py from H-would be' changed rapidly (oq‘the order of
seconds) and Py would. closely track the value of H, again

resulting in.a dependence only upon total fluence.
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The eecond questien of raster time relative to thermal,
bleaching time may be con51dered in terms of the _average
time color centers have been avallable fer thermal bleach-
ing. Consider the celor centers generated durlng a time
eguai to one-raster.cycle. Those generated by the rastered
beam may be considered as generated at the. start of rhe cyc;e
and would then have the cycle time plus the reﬁainder of the.
exper;ment to bleach. Those‘generateg by the fleoded Eeam
have an average- of half the cycleutiﬁe plus_the remainder
of the exPeriment to bleach. -Obviously, for raster rates.
much greater than the total irradiation time, this dlffer—_
ence is insignificant. Typical raster rates are' 10 /sec
and total irradiation times are typically >103 sec; there-—
fore, the raster time is 1nsrgn1flcant cempared with 1rrad1—
ation tlme.

In summary, we may conclude

® Color center density is. determined by defect
density and,-therefore, is a function ef
total fluence. Mode -of irradiation, rastered.

or flooded, is not significant.

@ The relation -of bleaching time to raster
rate is insignificant for typical operatin¢
procedure. -
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