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Theories of the Distribution of Deposit
from Sputtered Disk and Rectangular Electrodes

Abstract: Theoretical expressions for the distribution of deposits sputtered from disk-shaped and rectangular electrodes are derived for
cases of 1) uniform emission obeying the cosine emission law, 2) distorted “under cosine” and “‘over cosine” emission, 3) additional
emission confined to the peripheries of the electrodes and obeying the cosine emission law, and 4) distorted “‘inward” emission from the

peripheries.

Introduction

The distribution of film deposit sputtered from a large
disk or a rectangular electrode depends in a complicated
fashion on the geometry of the electrode, its distance
from the plane to be coated, and on the operating condi-
tions of the glow discharge. The influence of the glow dis-
charge is particularly complex, making it impossible to
consider the sputtered electrode simply as an extended
evaporation source. Sputtered material may be signifi-
cantly scattered by collisions with gas molecules, and
the cosine emission distribution, which is generally valid
for evaporation, does not hold for sputtering emission
except as a first approximation[1]. Furthermore, the ion
bombardment intensity is never completely uniform,
varying in intensity and direction particularly near the
periphery of the electrode[1].

Despite these complications it is still useful to compare
observed distributions to the predictions of simple mod-
els, considering the sputtered electrode to be one or more
sources emitting with the cosine emission distribution
and adding terms, when possible, to represent deviations
from the cosine emission. We can, in principle, fit these
theoretical expressions to observed distributions and
determine how the intensity of the sources and the magni-
tudes of the deviation terms change with operating con-
ditions. To a limited extent this approach has been used
in studying the distributions of deposits rf sputtered from
a disk-shaped electrode[2]. The results of this type of
analysis should be useful in optimizing the uniformity of
sputtered deposits and in understanding sputtering phe-
nomena occurring at an extended electrode.

JANUARY 1972

The simplest set of assumptions that could be made re-
garding the deposition of material from a large sputtered
electrode is that 1) sputtering is uniform over the elec-
trode, 2) emission obeys the cosine distribution, 3) the
sputtered material is not significantly scattered by col-
lisions in the gas and 4) the material sticks wherever it
strikes a solid surface. These are the essential assump-
tions that were also made in deriving the deposit distribu-
tions from evaporation sources{3]. It will be shown that
in the cases of the rectangular and the disk-shaped elec-
trode the theoretical distributions that result can be ex-
pressed in simple, closed analytical forms.

These four simple assumptions, however, are not com-
pletely valid in practice. With the common shielding ar-
rangements the dark space of the discharge will wrap
around the edge of the electrode, providing more bom-
bardment at the periphery. Furthermore, the ions that
bombard the periphery impinge at oblique angles and
have a high sputtering yield per ion. Both effects give
rise to additional emission near the periphery.

It is clear that in any attempt to take these effects into
account when deriving the distribution of sputtered de-
posit, one must either use complicated numerical meth-
ods for solution or resort to additional simplifying as-
sumptions. We have taken the latter course and have
derived expressions for thin planar sources at the peri-
phery of the electrode. The other assumptions 2), 3) and
4) were retained. The superposition of these peripheral
sources and a uniformly emitting electrode source (with
properly adjusted intensities) have been shown to pro-
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Figure 1 Geometrical definitions for a disk-shaped electrode.

vide a better approximation to observed distributions
than was previously obtained[2].

In addition certain deviations from the cosine emission
distribution [assumption 2) above] can be taken into
account. A term can be added to the cosine emission law
to represent diminished or enhanced (‘“‘under” or “over”
cosine) emission perpendicular to the surface of the uni-
formly emitting disk or rectangular electrode. Fortu-
nately, this gives rise to correction terms for the deposit
distributions that are fairly simple, and the effects of “‘un-
der” and “‘over” cosine emission can be traced easily.

Another type of asymmetry will exist at the periphery
of the electrodes. Ions striking the periphery at oblique
angles perferentially eject material in the direction of
their momentum —inward toward the center of the elec-
trode[4]. Correction terms that can represent this com-
plication to a limited degree also have been derived.

The complications that arise when scattering in the gas
and re-emission at the deposit surface occur [i.e., when
assumptions 3) and 4) are invalid] have not been con-
sidered.

Analysis of disk electrode

We consider the emission for a disk or radius R posi-
tioned parallel to a deposition plane and separated from
it by a distance D. This disk is first assumed to emit uni-

formly (i.e., independent of position on the disk) an
amount of material m per unit area. The quantity m can
be measured in a variety of rate units (Asec™, grams
cm™” sec”, gram atoms cm sec”!, etc.) or as a total
material density (A, grams cm >, etc.). The choice is im-
material provided a consistent set of units is used through-
out. The basic equation governing the rate of deposition
d’i, at a point on the deposition plane due to an increment
of source area do, may be written

&i = me do cos ¢,/r} (D
where

d'i = the rate of deposition at a point on the deposition
plane due to an increment of source area
m = the amount of material emitted per unit area
do = the increment of source area
r, = the magnitude of the vector between the increment
of source area and the point of deposition
¢, = the angle between the vector r, and the normal to
the surface at the point of deposition
€ = the normalized geometrical factor giving the emis-
sion distribution from the increment of source area.

A schematic picture of the geometrical parameters is
shown in Fig. 1.

s Cosine emission distribution from a uniformly
emitting disk

If the emission from the disk obeys the cosine emission

distribution, then

e=m'cos ¢, (2)

where ¢, is the angle between the vector r,, representing
the direction of emission, and the normal to the source
increment do. The factor 7" arises from the requirement
that € integrated over the total 277 hemisphere of emission
directions be equal to unity. The geometrical quantities
defined above also are shown schematically in Fig. 1.
Combining Egs. (1) and (2) and integrating over the en-
tire source, we obtain for the total impingement rate 7,

do cos ¢, cos
10=fd2i=ﬂj—_o 9,05 b, 3)
™ r

1

To solve this integral it is convenient to introduce the
additional parameters shown in Fig. 1. It follows from
these definitions that we have

cos ¢, = cos ¢, = D/r,
=R+ r"—2rR, cos 6 + D, and
do = R,dR db.

The expression for the deposition rate at a distance r
from the axis of the disk is, therefore,
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The integral over the angle 6 can be performed:
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as can the integral of R, giving

R2_r2_D2 }

5
[(D*+ R =7+ 2rD)"1"* ®)

1,(r) =% {1 +

This expression, in a slightly different form, has been de-
rived by von Hippel[5].

& Other emission distributions

We now consider deviations from the cosine emission
distribution [Eq. (2)]. Provided the emission distribution
depends only on ¢, (the angle of ejection relative to the
normal to the surface) we can in principle represent it by
a sum

e=m""[cos ¢, + a, cos® ¢, + a, cos’ ¢, + - - -]. (6)

We will consider the distribution under a disk when we
include the first two terms of this expression. It is ex-
pedient to write the expression for € in the form

e=m""[cos ¢, + a cos ¢, (1 — 2 cos” ¢, ]. @)

The first term in this expression is the ‘“cosine” emis-
sion distribution [Eq. (2)] analyzed above; therefore,
we only need consider the effect of the second term. This
particular form is used because the second term, inte-
grated over the 27 hemisphere of solid angle, is equal to
zero. Combining (1) and (7) and integrating, the contri-
bution of the second term, I,(r), to the deposition rate is

ma ( cos ¢, cos ¢, (1 —2 cos’ ¢,) do
Lo =" 2
mw rl

maD® T i do
lede f 2 2 242
T ! [R;+r —2R;rcos 6+ D]

2maD* T
— fRI dR,
0

m

27
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X ‘ —
)[R} ++"— 2R r cos 6+ D]’

(8
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The first integral in (8) occurred in (4) and its solution is
given by (5). The integration over ¢ in the second term
may be performed giving

27

f do
)[R+ r —2R,rcos 8+ D°)°

2(D* + RI+ )"+ (2rR)*
= ; ; ST
[(D*+ R+ /)*— (2rR,)*]""

2(D*+ R+ )"+ (2rR))*
= s ; .
[(D* + R} — )" + (2Dr)*1*"*

The integral over R, can also be carried out so that the
second term becomes

R 27

2maD* d6
- JRlde f 2 2 213
LA i, [R,+ ¥+ —2R,rcos 6+ D]
ST Y L
4 [(D*+ R*— )"+ (2Dr)*]"*

2D°R*(R*+ D*—#") }

[(D*+ R*— ")’ + (2Dr)* 1)
Combining this result with (8), (4), and (5) we obtain
ma  2D'R*(R*+ D*—~r)

1(r)=—"24 .
T D s R =t D"

)

~ Rim source emitting the cosine distribution

To derive approximate expressions for the distribution
of deposition rate from a “rim’ source, we first assume
that the sputtering is confined to a small width AR around
the rim of the disk. Assuming the cosine distribution
[Eq. (2)], we can derive from (3) an expression for the
distribution of deposition rate I, from this type of source

5 27
L) (mAR) RD’ f de
ro\F) = P Y 4
° T )[R} +r*—2R,r cos 9 + D*]*
m, 2D’R(D” + R* + #°)

T R A+ 2D

(10

where we have relabeled the product (:nAR) as m,. This
quantity will be the measure of the intensity of the rim
source and have units of rate or quantity per unit length.

~ Rim source emitting an asymmetrical distribution
The emission distribution of material near the edge of a
plate is not symmetrical around the normal to the surface
but is preferential inward from the edge. We can repre-
sent this feature approximately by adding another term
to the cosine distribution [Eq. (2)] so that the emission
distribution becomes

e=m '[cos ¢, + b cos ¢, (cos ¢, sin d, cos y)]. (11) 29
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The definition of the newly introduced angle ¢ is shown
in Fig. 2. As indicated ¥ is the angle, in the plane of the
sputtered disk, between the projection of the vector r,
and the radius, R, directed to the increment of rim source.
As a consequence of this definition we will have:

cos = (R—rcos 0)/(R*+ ¥ — 2rR cos )",

and as a consequence of definitions in the previous sec-
tion we also obtain

sin 6, = (R*+ ¥ — 2rR cos 0)1/2/r1.

It should be noted that the assumed form of the asym-
metrical emission distribution function (11) is limited in
its ability to represent real emission distributions. The
product (cos ¢, sin ¢, cos ¥) will have its most negative
value, —1/2, at ¢, = /2, ¢ = —m. 1t follows, that for € in
(11) to be always positive (as it must to remain physically
realistic), we cannot have values of b greater than 2.

The reason for selecting the particular form of (11) is
twofold. First, it will be shown that this form gives rise
to a distribution on the deposition plane which can be ex-
pressed in a closed form, not requiring numerical inte-
gration. Second, it will adequately represent modest de-
viations (b = 2) from the cosine emission distribution.

The contribution to the distribution of the first term
(corresponding to the cosine distribution) on the right-
hand side of (11) is identical to the function I, given by
(10). Therefore, we need only consider the contribution
of the second term, which we label /. This function can
be shown to be

Il‘1 (r)
2T
__ b(mAR)R f d¢ cos ¢, cos ¢, (cos ¢, sin ¢, cos )
T 0 ”21)
5 27
__ bm.RD f de
m ) [R*+ ¥* ~ 2rR cos 8 + D*1°

D(R —rcos 0)
[R*+ r* = 2rR cos 6 + D*]

The integration over 6 can be performed giving
1,,(r) = bm,R°D’

2(D*+ "+ R*)*+ (2rR)* — 6°(D* + r* + R”)
[(D*+ 7 +R)’— (2rR)’T"

. (12)

Analysis of rectangular electrode

The coordinates used for the analysis of the rectangular
electrode are shown in Fig. 3. Introducing the geometri-
cal relationships implied in the figure, we have

cos ¢, = cos ¢, = Dr,
r?= x—X)'+ y—Y)'+ D’
30 do = dX dY.
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Figure 2 Geometrical definitions for a disk rim source.

e Cosine emitter distribution from a uniformly
emitting rectangle !

Assuming the cosine emission distribution, (1) and (2)

can be combined and integrated to give the local deposi-

tion rate under the rectangle

%o Yo
MD? dy -
J (xy) = f dx f —- (13) <
m r
-, =Yy 1

The integral over Y can be performed

dy
o
_ (y, +¥)
2[(x—X)*+ D] [(x—X)*+ D* + (y,+ »)*]
N Yy —¥)
20(x—X)*+ D] [(x=X)*+ D"+ (y,— »)°]
N 1 tan? (o +¥) __
2[(x——X)2 + Dz]s/z [(x-—X)2 + Dz]llz
1 . (¥ —¥)

-+ - ~ =, tan - -,
2[(x — X)* + D*}*"* [(x—X)*+ D*|"?

Integration over X yields the final expression for J:
m
Jy(xy) = P g+ x, 9, +y) +flxg—x, 3, +¥)

X Y, =) H g —x y, = (14)

where
_ 43 -1 :B
fla,B) = L D" tan (o + D]
[3 o

+ [IBZ +D2]1/2 tan [Bz + D2]1/2'
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It can be shown that when J (x,y) is integrated over the
entire x-y plane the result is equal to 4 mx, y,. This is a
necessary condition for the solution to be correct.

e Other emission distributions

The effects of deviations from the cosine emission dis-
tribution can be considered by assuming emission given
by (7). The expression for the correction to the distribu-
tion which arises from the second term in (7) is

1—2
Ji(xy) = fcos ¢, cos ¢, ( : cos” ¢,) d
rl
D? 2 D' EO ? dy
=T f dX f e f dx f——;. (15)
Ty =Y ‘ —%o <y T

The first integral in this equation is identical to that
occurring in (13). It is equal therefore to aJ (x,y) (Eq. 14).
The Y integration in the second double integral can be
performed giving

Yo

dy
o
_{ (yo +¥)
4{x—X)*+ D] [(x=X)*+ (v, +y)*+ DI’
+ (o —¥)
AA(x =X+ D] [(x=X)*+ (y,—y)* + DI
3y + )
8[(x—X) + D1 [(x—=X)*+ (y, +y)* + D*]
N 3(yo— V)
8[(x—X)*+D°1* [(x~X)" + (y,~ »)* + D’]
N 3. ! (yofry) __
8[(x— X)* + D** [(x—X)*+D1"
. 3‘ ! (¥, — ¥) }
8[(x— X)® + D** [u—X)+DW

The integration over X can also be carried out, giving
finally:

J (xy)=—

ot Xy ty) el —x y,—y)

+eglx, tx,y,—y) +elx,—x,y,— )}, (16)
where
aBld’ + g5+ 2D%]
[&® + D*] [« + g* + D*] [B* + D*]

-1 B
[(12 + DZ] 1/2
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a

+ [a2 n D2]3/2 tan

B -1 a
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This expression integrated over the entire x-y plane can
be shown to equal zero—as is necessary for a valid so-
lution.

e Strip source emitting the cosine distribution

To derive an expression for the distribution of deposit
emitted from the periphery of a rectangle, we assume that
the sputtering is confined to a small strip at the periphery
which lies in the plane of the electrode. We first consider
a single strip of width AY positioned at y =y, and ex-
tending —x, = X = x, (Fig. 4). Assuming the cosine dis-
tribution [Eq. (2)] we can derive an expression for the

distribution of deposit, J,;, from this type of source.

(mAY)D* T dx
L =X+ (v, =¥ + D*1”
17

Jolxy) =

The product (mAY) is relabeled as m,. This quantity will
be the measure of the intensity of the strip source and
will have units of rate or quantity per unit length. Per-
forming the X integration, we find

Jo(x,)

:msD2 { (x, +x)
21 U(y,—»)*+ D] [(x, +x)*+ (y,— y)* + D]

" (x, — x)
[y, = )"+ D] [(x,— x)*+ (y,— y)* + D]

1

J’_
' [« )+ D1 tan™" L
Yo ¥

[~ ¥+ D"

1 4 (x, — x)
+ ) 2 3z an 2 2 1/2}'

[(y,—¥»)" +D7] [(y,—y)" +D7]
(18)

This solution has been described previously by L. Hol-
land and W. Steckelmacher[3].

When all four edges of the rectangular electrode are
exposed to additional bombardment and emit at a high
rate, three additional strip sources must be added. As-
suming the geometries given in Figs. 3 and 4, expressions
for the three additional distributions of deposit can be
obtained from (18) by substituting: 1) y — —y; 2) y — x,
X =y, y, —>x, and x, — y,; and 3) the same as 2) except
y — —x.

o Strip source emitting as asymmetrical distribution

It has been observed that the ejection of material sput-
tered near the edge of a plate is not symmetrical around
the normal to the surface but is preferential inward from
the edge. This feature can be represented approximately
by again assuming the emission distribution given by (11).
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Figure 3 Geometrical definitions for a rectangular electrode.

Figure 4 Geometrical definitions for a strip source.
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As a consequence of the definition of ¢ (Fig. 4), we have
Yo ¥

[r=X)"+ (v, — 91"

and from previous definitions

sin d, = [ (x — X)* + (v, — »)°1'"Ir,.

The contribution to the deposit distribution of the first
term in Eq. (11) (corresponding to the cosine emission
distribution) is identical to the function J, given by (18).
The contribution of the second term, which we shall
label J_, can be shown to be

cos =—

s1?

Jo(xy)

b(mAY)D? 7’ (v, —¥)dX
- [(x—X 9

™ )+ (v, — ¥+ D

“ixg

. bms(yo _y)

4

X{ . ‘ (x0+x?

[y =)+ D*1[(y, = »)* + D* + (x, + x)"]
+ (x, = x)

[y =9+ D] [(yy— )"+ D° + (x,— x)°]
+ 3(x, +x)

200y =W+ DT’ [(y,— »)* + D* + (x, + x)°]
n 3(x,— x)

2[(yy =)+ D" [y, — )+ D* + (x, + x)°]
+ 3A —— tan”! (XOTX) —

2[(y,— )" + D™ (v, =¥+ D"

3 _ (x,— x)

T2 DT Ty o)

When all four edges of the rectangular electrode are
exposed to additional low angle of incidence bombard-
ment, three additional terms similar in form to (20) must
be added to represent the total deposit distribution. As-
suming the geometries given in Figs. 3 and 4, these terms
can be obtained from (20) by substitutions: 1) y — —y;
2)y—>x,x—y,y,~> x, and x, = y;; and 3) the same
as 2) except y — —x.

* Emission from corners

In the case of the sputtered rectangle, additional sources
may need to be considered to represent additional emis-
sion from the corners of the electrode. The edges are
subjected to more bombardment than the main portion of
the electrode and the corners are likely to be even more
exposed.

Expressions for the additional deposition for either the
cosine distribution emission or the asymmetrical emis-
sion distribution may be formulated by taking (17) and
(19) out of their integral form and using the quantity
(mAYAX) as a measure of the intensity of the corner
source.

Discussion
In the preceding sections expressions were derived for

"the deposit distributions for 1) uniformly emitting disk

and rectangular electrodes with emission obeying the
cosine distribution [Egs. (5) and (14)], 2) terms that can
be added to these solutions to represent distortions from
the cosine distribution [Egs. (9) and (16)], 3) thin strips
emitting the cosine distribution along the periphery of the
electrodes [Egs. (10) and (18)], and 4) terms to be added
to the solutions for the peripheral strips to represent
asymmetric, inward emission from the edges [Eqs. (12)
and (20)]. The total distributions corresponding to the
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superposition of peripheral and principle electrode
sources and the terms that modify the cosine emission
distribution may now be considered.

It is convenient to take the disk electrode as an ex-
ample. The distribution in this case depends on only one
parameter, the radius r. v

The distribution from a uniformly emitting disk with
emission obeying the cosine distribution is given by the
curve labeled a = 0 in Fig. 5. The geometry used in this
example (R =4.4375" and D = 1.3125") is typical for
large-scale sputtering systems. The calculated results
show that the deposition rate is highest under the center
of the disk, and is equal to about 92 percent of the emis-
sion rate from the disk in this case. Under the rim of the
disk the deposition rate drops to slightly less than half the
value at the center, as might be expected.

The effects of deviations from the cosine distribution
(9) will now be considered. The distribution in this case
will be given by the sum of /, [Eq. (5)] and the term /,
[Eq. (9)] representing the effects of distortions from the
cosine distribution. In Fig. 6, the emission distributions
given by (7) are shown for a = +0.3, 0 (no distortion),
and —0.3. The first case has been commonly referred to as
a “under cosine,” and the last as the “over cosine” emis-
sion distribution. In Fig. 5 the corresponding distribu-
tions of deposition rate are shown.

From Fig. § it is clear that large (30 percent in the di-
rection normal to the surface) distortions of the cosine
distribution have comparatively little effect on the dis-
tribution of deposition rate. In the center, the change is
only about 2.5 percent, increasing to around 5 percent at
3 inches from the axis. Beneath the edge of the sputtered
disk, the effects are nil and at still greater distances from
the axis the effect changes sign.

Qualitatively the effects of the distortions are what
might be expected from the shapes shown in Fig. 6. For
example, with the “‘under cosine” (a = +0.3) distribu-
tion less material deposits under the disk and more to the
“sides” (away from the disk). However, we can conclude
that the effect of having a large disk at a close spacing is
to largely compensate for the effects of the distortions by
effectively averaging over-all emission directions.

The superposition of a rim source and a uniform disk
source (both emitting in accordance with the cosine dis-
tribution) is shown in Fig. 7. The geometry assumed in
this example is the same as before (R =4.4375", D=
1.3125"), and the emission of the disk is assumed to be
unity (m =1, Eq. 5). Total deposition rates for various
intensities of the rim source m, =0, 2.5 and 5cm™" are
compared. It can be shown that the rim source contribu-
tion to the deposition rate /., peaks near, but slightly
inside, the radius of the rim. For a certain range of intens-
ity of the rim source, this feature can give rise to an im-
proved uniformity over the deposition plane. As an ex-
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Figure 5 Deposit distributions from the uniformly emitting
disk with and without deviations from the cosine emission dis-
tribution.

Figure 6 “Over cosine,” cosine, and “‘under cosine” emission

distributions.
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ample, the curve in Fig. 7 for m, = 2.5 cm™' corresponds
to a distribution uniform to within about =1 percent over
a 4-inch radius. Values of n,/m around 2.5 cm have been
found to hold for disk-shaped targets rf and dc sputtered
under a variety of operating conditions[2]. Means of
enhancing and controlling the edge effects were also dis-
cussed in Ref. 2. Without the rim source (m, = 0), the
impingment rate drops about 35 percent over the same
4-inch radius. However, it is clear that the presence of a
rim source may not always be beneficial. The curve for
m, = 5.0cm”" in Fig. 7 is an example of an over-intense
rim source detrimental to the uniformity.
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Figure 7 Superposition of the deposit distributions from a
uniformly emitting disk and rim source of various intensities.

Figure 8 Deposit distribution from a rim source with various
degrees of “inward” emission.

0.5

Disk radius —

Relative deposition rate

Radius, »

The effects of an asymmetrical emission distribution
at the rim may be considered by adding 7, and I, [Egs.
(10) and (12)]. Total deposition distribution for various
degrees of asymmetry [b =0, 0.5 and 1.0 in (12)] are
shown in Fig. 8. The geometry assumed is the same as
in the previous examples, and the intensity of the rim

- —
Away from the disk axis Toward the disk axis
VR ¥ =0

Figure 9 Cosine and asymmetrical “inward” emission distri-
butions.

source, m,, is assumed to be 2.5 cm™". The corresponding
emission distributions are shown in Fig. 9.

One of the effects of introducing asymmetry into the
rim emission is to shift the distribution of material inward
from the rim. Another result, which is a less obvious con-
sequence of the assumptions, is that the peak in the dis-
tribution increases as the degree of asymmetry increases.
This relation is not due to an increase in the amount of
material emitted from the rim since the net contribution
of I,, (the term which provides the asymmetry) is zero.
Rather, the increase in peak height is due to the more
“beam-like” shape of the asymmetrical distribution, as
shown in Fig. 9.
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