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ABSTRACT

Analysis of the problem of space charge dispersion of a charged ion
beam indicates that the limitations imposed by this effect are quite severe.
As an example of this fact, a calculation is made using protons at a velocity
of one tenti that of light for a beam density of 10% particles per cubic centi-
meters at the point of origin. It is found that the beam radius increases bya
factor of 8000 in a distance of 41 miles.

Beam dispersion due to random thermal velocity distribution is
analyzed. It is found that this effect is not as severe as that of space charge
dispersion. However, it appears that the limit of use of the beam for com-
munications will be of the order of a few thousand miles at most. It is
indicated that this limit can be extended 1f the particle velocity is near that
of light or if the generation temperature 1s near absolute zero.

The effects of Rayleigh, Thompson, and Compton scattering of light
by beam particles in the presence of the radiation field of the sun are ana-
lyzed. It is found that these effects are negligible in relation to those of
space charge and thermal dispersion. It is concluded that radiation pres-
sure effects are quite small.

The analysis of solar winds and particle clouds in space indicates
that the beam particle mean free path is quite large so that there is no sig-
nificant limitation imposed by their presence. However, these particles

constitute a background of "noise' sothat beam dispersion by space charge
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and thermal effects will impose an adverse signal-to-noise ratio upon the
information carried. Thus it appears that the presence of the particles im-
poses a limit upon the density reduction which can be tolerated in the beam.

The problem of neutral beamn generation is discussed. The recom-
bination coefficient is developed as a function of temperature and density and
a possible mechanism for neutral beam generation is shown. It is indicated
that the problems are rather severe.

The possibility of employing the "pinch effect' upon a beam in the
presence of the atmosphere is discussed. It is concluded that this is not
feasible since the pinch is unstable even if it occurs. Power requirements
for any sustained operation are in the megawatt range.

Use of the radiation produced by impact ionization of the atmos -
phere by means of a beam is analyzed. This 18 shown to be impractical on
the basis of beam power requirements.

Possible applications of the beam to propulsion, power transfer,
and warfare are indicated. It is concluded that propulsion offers the best
possibility. A propulsion unit based upon the use of ac power is presented.

Deviation and dispersion of the beam in electrostatic and magnetic
fields in space are analyzed. Although some of the effects are fairly severe
for charged beams, the limitations imposed are not as great as those al-
ready found.

The geometrical problerr;s of aiming a beam to strike a target in

the fields in space are considered. Solutions are given for uniform fields
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‘ and for inverse square attractive and repulsive fields. The .analysis of the
i magnetic case is limited to the uniform field.

The general conclusion reached is that long-range communications

by the use of ion beams in space is not feasible.
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I. INTRODUCTION

In the development of the work under Contract DA-36-039 SC-78961,
it was not originally anticipated that the distance limitation imposed by the
dispersion of the beam due to space charge and thermal divergence would
be nearly as severe as that which was found. For this reason, some of the
work which was done appeared somewhat pointless in the final analysis. The
section concerned with beam trajectories under the action of external fields
over long distances of travel falls within this general category. In order
that it may be included without interrupting the continuity of the pertinent
developments it is placed at the end of the final report, although it origin-
ally appeared in the first Semi-Annual Report. In general, there is no

attempt to preserve the chronological development of the work.
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II. BEAM ANALYSIS

A. GRAVITATION CONSTRICTION OF AN ION BEAM

If a particle of mass, M, is exterior to a cylindrical beam of in-
finite length and mass per umit length, M, , the particle is attracted as if the
total beam mass were concentrated at the axis of the cylindrical beam. If
the symbol a is used to represent the perpendicular distance from the point

mass M to the axis of the mass cylinder, the force acting is given by

F:E%ML, (1)

where G is the universal gravitational constant. The conditions applying
are indicated in Figure 1.
The value of M, as represented in Figure !, is given by

M, =nb?p. (2)
The radius of the cylindrical beam is b, and the mass density is p. If
each beam particle also has a mass M and if there are N particles per unit
volume, the value of p is given by

p = NM (3)

The use of Equations (2) and (3) in (1) provides

3 3
F - 2NGb®NM
a

, a>b. (4)

The force on a particle at the surface of such a beam is then

F = 2nGbNM?, a = b. (5)

S
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Since an interior particle is not affeeted by that portion of the cyl!ndrical
beam exterior to its own radial position, such a particle expariences a force
= 2nGrNM?, r<p , (6)
where r is the perpendicular distance between the bearn axis and the mterlor
particle. Since r is zero for a position on the beam axis, a particle at this
p‘cint experiences no net force. At all other points, there exists an attrac-
tion. The general effect of gravitational forces is that of constricting the

beam.

B. ELEECTROSTATIC REPULSION

In a beam composed of like charges, the effect is that of mutual
repulsion. Howc;ver, there is no need to make a new analysis since the form
of the equation is not changed. In case the beam occupies a space with unit
dielectric constant, the symbol G' is replaced by this (reciprocal) value. The
ma;s of the particle is replaced by the ionic charge q. Equa‘tmn (4) then

becomes

21mb? Ng?
F = ———.ﬂ_ a>b° (7)

a ’

Equations (5) and (6) for the case of electrostatic repulsion may be written

by analogy with this one. These are

F = 2mBNg®, a =b - (8)
and
F = 2nrNg®, r<b. (9)
4.
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C. MAGNETIC CONSTRICTION OF MOVING CHARGES
The magnetic field of a current element follows an inverse-square
law similar to those applying to gravitation and electrostatics. The field

associated with a cylindrical current may be written

E]
H = 2 Ngv . (10)

a

The force on a charge q at a distance a from the axis and traveling with a

velocity v parallel to the current charges is then
3 pra2
FoiNE Y, (1)

This is seen to differ from Equation (7) only by the factor v°3. However, it

is necessary to observe that Equation (7) is expressed in the electrostatic
system of units and Equation (11) is in the electromagnetic system.

A particle at the surface of the beam experiences a force

F = 2mbNg®v3®, a =b. (12)

This is a constrictive force. In the event that the particle is in the interior
of the beam, that portion of the beam exterior to the radial position of the
particle has no effect upon it. In this case Equation (12) is modified to pro-
vide

F = 2mrNg®v?, r>b. (13)

D. CALCULATION OF FORCES
In order that a comparison may be made between the force of space

charge repulsion and the constrictive effect of the magnetic field, it is



necessary to express Equation (12) in electrostatic units by means of a factor
of proportionality. This factor in the case of charge is the velocity of light c.
Equation (12) then becomes

2
F = 2mbNq® %, (14)
C

where it is understood that q is in esu. The difference between the force

of electrostatic repulsion and the force of magnetic constriction is then
3
af _ v
AF = 2mbNgq [1 -cr] . (15)

This difference becomes zero only in the event that the velocity of the beam
particle is equal to the velocity of light. It follows that the beam expands
under the action of space charge divergence at any particle velocity which
can be attained.

As an example of the application of the equations which have been
developed, a proton beam of density 10° is assumed. The mass of the proton
is 1.67 x 10™°* grams, and its charge is 4.8 x 10-'° egu. If the velocity
is taken to be 0. lc, the ratio v /c2® is 0. O0l. Under these circumstances the
factor 1-v® /c® can be neglected to an error of 1.0 percent. The force dif -
ference is approximately equal to the repulsive force given by

F = 2mx30x 10° [4.8x 1071°]% - 4,34 x 10-12 dynes. (16)
In this equation a beam radius of 30 cm or approximately one foot has been
assumed,

The ratio of the repulsive force to the force of constriction caused

by the particle velocity is the inverse of the v° /c® value. This ratio is then
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100/1 under the assumed circumstances. Thus it appears that the z:onstricting
effect of the magnetic field will not prevent the spread of the beam.
The gravitational force on a surface particle is given by
F=2mx6.67x107° x30x 10% x [1.67 x 10-*]® =3,5x 10" dynes. (17)
The ratio of the force of repulsion to that of gravitational constriction is then
1.24 x 10°°. It is seen that gravitational effects are negligible in the preven-

tion of spread of a beam.

E. SPACE CHARGE EXPANSION OF A BEAM
For an infinite cylindrical beam, the particle density_is reduced as
the beam radius increases. The equation is
Mg Ny = MmN (18)

in terms of original density and radius. The force on a surface particle is

then written

F =M = 1
s > (19)
Use of the integrating factor 2db then yields the integrated form
db|®  4mbiEN b
—] _ 9 0o =
(dt) = ————— Log, b, ’ (20)

where the constant of integration has been evaluated in terms of the original

radius. The radius of the expanding beam then depends upon the integral

db Ny
e

b,
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If a substitution is used in the form

b 3
—-— 3 22
Loge b A (22)
equation (20) becomes
exp(2?) dZ = qL.‘l’h ¢ dt. (23)

Expansion of the exponential function and termwise integration then yields the

series
® 2n+l
g 2°7 = q N it. (24)
Ty -1 D
n=o (2n+l)n H M

This series is convergent for all finite values of Z.
The series has been evaluated for various values of the ratio b/b .

These are given in Table I. ‘The final column represents the time for a

TABLE 1
SUM OF SERIES

b_
bo Z Sum ' Time, sec
10 1.516 4,25 6.46 x 107
100 2.148 27. 36 4.16 x 10-®
1000 2.628 209, 37 3.18 x 1074
8000 3. 000 " 1445 (approx.) 2.2x 107°

proton beam of 10° particles per cm® original density to expand to the condi-
tion specified by the ratio wppearing in the first column. It is seen that these

times are quite limited. As an example of the application, a proton beam in
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which the particles travel at a velocity of 0. 1c would expand 8000 diameters’
in traveling a distance of
D = 18600 x 2.2 x 107 = 41 miles. (25)
Under the assumed conditione the original current density in the beam
is 4.8 x 10™ amp/cm®. The power density at this point is 2.26 x 10°
watts/cm®. The accelerating voltage necessary to provide protons with the

assumed velocityis 4.7 x 10% volts. At the distance of 41 miles, the reduc-

1

tion ratio of W must apply. The particle density is then 61_4 protons/cma

in relation to 10° protons/cm® which applies at the point of generation. The
current density is reduced to 7.5 x 107'% amp/cm®, and the power density is
3.53 x 10°® watts/cm”. Us:ng a velocity of 0.999c will extend the range to
about 4000 miles for equivalent conditions and a mass of 100 proton units im-
proves the range only by a factor of 10. The conclusion must be that charged
beams over long distances will require the use of extremely high accelerating
voltages.

For extremely high velocities, equation (24) must be corrected to
account for the constricting effect of the magnetic field and the relativity
mass increase. Since the contraction factor is associated with the mass and
the square of the contraction factor is associated with the net repulsive force

as given by equation (15), equation (24) becomes

ozj _zentt q[”?;f [lc'z"a'ft. (26)

o (2n+1)n!

n
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By this equation, no expansion occurs at the velocity of light. However,

practical considerations limit the attainment of such a velocity.

F. THE USE OF MIXED BEAMS
The use of beams composed of both positive and negative charges

involves certain difficulties. In general, the negative charges in the beam are
free electrons and the positives are composed of nuclei or ionized atoms. As
an example, let it be supposed that a beam is generated from neutral hydrogen
so that it consists of electrons and protons. In order that a charge may not be
developed on the generating object, positive and negative charges are expelled
in equal numbers. If the net space charge is to be zero along the beam, it is
necessary that the electrons should be accelerated by a voltage which is re-

duced with respect to that applied to the protons. The required condition is

“p _ e
Mp Me

where the subscript p refers to the proton and e refers to the electron. In
order that proton and electron may have equal velocities in the beam the
voltage ratio is then 1840. Thus the transfer velocity of information is
limited to the velocity of the heavier particle.

In order to indicate the difficulties associated with neutt.'alizing the
beam space charge by the method outlined, let it be assumed that the ratio of
accelerating voltages is in error by 1.0%. The ratio of squared velocities is
then 0. 99 so that the inverse density ratio is 0. 995 since the product of density

and velocity is a constant for a given current and cross section. Assuming

10
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that the electrons have the larger velocity, the density of protons which remain
unneutralized is 0. 005 Np.

It should be pointed out that in the absence of recombination, space
charge divergence will not be limited to those particles in excess of neutrali-
zation. The excess protons assumed in the calculation will attract the uncom-
bined electrons and repel the uncombined protons to cause a general spread
of the whole beam as they diverge. Only in the event that recombination has
occurred to form a neutral atom will a particle be free of forces causing
divergence. Beam spread in this case is a function of recombination time.

In the absence of recombination, the value O. OOSNp must replace N
which appears in equation (24). If the original proton density is 10° and the
beam spreads by a linear factor of 8000 as before assumed, the corresponding
time is 0.031 sec. at a velocity of 0. lc, the particles will have traveled a dis -
tance of 578 miles as compared to the 41 miles originally found.

From the analysis given it appears that th.e use of neutral beams is
indicated. This conclusion neglects the possibility of the charged particle
beam near the velocity of light. In the event that sufficient energy can be
given the particle, the effect of space charge divergence can be made neglig-
ible. In theory, this makes the use of charged beams possible. However,

the practical accomplishment of the fact is most difficult.

G. THERMAL VELOCITY DISPERSION
In any particle beam there is a distribution of thermal velpcities

oriented at random which is imposed upon the general transfer velocity of the

11



G T

SETRS

beam particles. These thermal velocities have components along the beam
and transverse to the beam axis. The ion velocity distribution along the

beam axis results in varying transit times for the ions between transmitter
and receiver. The ion velocity distribution transverse to the beam axis causes
the beam tc; diverge. In the analysis of this thermal divergence the assump-~
tion will be made that the ion cloud in the bearn will have a density so low that
ion collisions can be neglected. Analysis of the mean free path to be given
later indicates that the assumption is justified. In this case the initial ion
velocities remain constant since space charge divergence is not considered.
The analysis is thus limited to the consideration of neutral beams.

The initial thermal velocities of a particle cloud follow a Maxwellian
velocity distribution function, For purposes of analysis a particle cloud of
uniform density and cubical shape is considered. The beam axis is taken
through the center of mass of the cube perpendicular to a pair of. opposite faces
of the cube. The divergence of the ion beam can then be stated in terms of the
thermal velocity distribution with respect to the beam axis. This situation is
illustrated in Figure 2.

In reference to part (b) of the figure, the number of ions with x com-

ponerts of velocity of magnitude v, is determined by

: . s Mv?
N M MYy

The form of the curve is shown in Figure 3. The number of ions with x com-

ponents of velocity less than some arbitrary value Vyo 18 given by the area

12 i
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~ Figure 3. Maxwell - Boltzmann distribution function for a single
component of particle velocily,
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under the curve, the ddf‘{,vx axis and v, ;. This area can be determined by
.4
means of the integral v
xo
No"V = J dN . (29)
X0 vx

If equation (28) is used in equation (29) and the substitution
1 _ M 2 .
v o l.zk'r] (30)
m

is employed in conjunction with

v

X = _X (31)
v .
m

and

d

dX = % | (32)
v

No=x . _I_Ie"‘z dx = & erf(x). (33)
W s 2

It follows that the number included between the limits -x to +x is just twice
this value. Therefore the equation

N
. T, S (34)

N
is seen to apply.
The symbol k in equation (28) refers to Boltzmann's Constant, and T
is the absolute temperature in degrees Kelvin. Other symbols are explained
or have appeared in the preceding analysis. The function erf(x) is the error

function which is standard to all linear probability analysis. The result given

applies to the x dimension only. Since the y dimension is also transverse to

15



the beam axis, a similar result applies to that dimension also. It follows that ]

the fraction of the total number of ions in an x, |y cross section is

ogtd w0 Y
F = N = erf [Vm ] erf [—v—ﬁ (35)

Representative values of F are given in Table II. It is seen that the

velocity 2v_ includes more than 99% of the particles.

TABLE 11
Fraction of Total Number of Particles Included Between
Various Velocity Limits in Units of v__

Vixo
Lyl

F v
m

0 0
0. 046 0.4
0. 3647 0.6
0.5507 0.8
0.7101 1.0
0.9069 1.4
0.9532 1.6
0.9906 2.0

|

The cross section diameter of a beam after a time t is given by
x
= + viTOo
d do 2 {yo) t (36)

using the velocity 2v_ in equation (36) provides

T
d:do+4./'ﬁ't (37)

16




where the results of equation (30) have been used. The angle subtended at the ,

source is
2kt

o = WM (38)
where v is the beam propagation velocity. If the propagation velocity is suf-
ficiently near the velocity of light, the relativity mass increase must be con-

sidered. In this case, equation (38) becomes

2kT 2 %+
o M |1 EV"J* (39)

¢ = =—
\4

when v is equal to the velocity of light the angle subtended is zero. Under
these (hypothetical) circumstances the beam does not spread.

As an example of the application of equation (37) let it be assumed
that protons at 0.lc are used at a generation temperature of 500°K. In order
that cor;ditions may be compared with those given in the analysis of space
charge divergence, let it be assumed that the original beam diameter is 1.0
foot. The value of k is 1.38 x 107'® erg/®Kelvin. The time for the beam to

spread to a diameter of 8000 feet is

(8000 - 1)30.48
t = I = .212 sec. (40)
o

2x1.38x 10718 x 500
1.67 x 10-°%

In this time the beam particles will have traveled a distance of 3940 miles.
This is about two orders of magnitude greater than the range found for equiva-
lent conditions considering space-charge dispersion.

The analysis was made using protons at 500°K. If the generation tem-
perature is reduced, the spread is less severe. Since the temperature factor

appears as a square root, the effect of temperature reduction is not pronounced.

17



In the event that the temperature is reduced by a factor of 100, the time for
the beam to spread the specified amount is increased by a factor of 10, The
distance then becomes 39400 miles for the specified conditions.

The analysis takes no account of space -charge divergence and thus
assumes néutral beams. The calculation was made for protons but is valid
for hydrogen atoms since the added electron mass is negligible in relation to
the proton mass. For heavier atoms, the proper adjustment of the mass value
in the analysis must be made. The angular aperture of the beam depends upon
the ratio expressed by equation (38)., This aperture differs for different values
of temperature, mass, and velocity. However, the beam intensity in every
case is proportional to the inverse square of the distance of travel of the
particles. This effect limits the range over which a practical communication
system will operate. Because of the limitations imposed by thermal velocity
dispersion in neutral beams and space-charge dispersion in charged beams,
it appears that any practical system based on the use of particle beams will

be limited to relatively short distances in space.

18




III. COLLISION CROSS SECTION OF PARTICLES
IN A RADIATION FIELD

A. RADIATION PRESSURE ANALYSIS

The analysis of the radiation cross section of particles of various
sizes, shapes, and compositions has been presented in analytical and experi-~
mental form. ! For this reason, no new analysis is necessary in this phase
of the investigation. In order that the basic mechanism of the interaction be-
tween light and matter may be indicated, it is to be observed that such an
interaction results in a reduction in the intensity of the light as it penetrates
the region which contains the matter. This reduction is a result of the action
of the two mechanisms of scattering and absorption. In the case of scattering,
the light is deflected through an angle which effectively removes it from the
beam. The recoil action of the intercepting particle may be such that a por-
tion of the incident photon energy is absorbed. In this event, the scattered
photon does not have the same energy as the incident photon. In certain
circumstances the total energy of the incident photon may be absorbed. In
terms of the remaining energy in the photon beam, both processes have re-
sulted in the extinction of a portion of the radiation.

The equation which defines the relation between terms is

Extinction = scattering + absorption. (41)

The effective c.ross section can be defined on the basis of this equation. The
cross section equation is

Coxt = Csca T Cabs: (42)

19
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The division of equation (42) by the geometrical cross section of the intercept-
ing particle will then define a relation between efficiency factors fo? the dif -
ferent terms. The equation is written

Qext = Qsca * Qpg- (43)
This is a relationship of pure numbers. The efficiency factor in general is
defined as a number by which the geometric cross section must be multiplied
in order to provide an effective cross section in the description of any particu-
lar type of interaction.

In the case of nonabsorbing spheres, the value of Q15 is zero. The
total value of Qext is then given by a considerat ion of the scattering process
only. The radiation-pressure efficiency facter is then related to the scatter -
ing cross section efficiency factor by the equation

QPT = [1 -~ cos8] Q o (44)
where 0 is the angle of scattering as measured with respect to the direction
of incidence of the radiation.

The value of the scattering cross section is dependent upon the para-
meter x = .%1;3, where a is the radius of the spherical particle and A is the
wave length of the incident light. A graph giving relative values of Q and
Qpr is presented in Figure 4 for various values of the parameter. The curve,
from Reference 1, is representative only. It is sufficiently exact to indicate
that for a given wave length of light, the radiation-pressure efficiency factor
approaches unity for spheres of large diameter and approaches zero for

spheres of small diameter. The value is never in excess of 2.5. It follows
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Figure 4. Efficiency factors for extinction(Q) and for radiation
pressure (Qpr) for totolly reflecting spheres (n-= ®)
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that the correct value of radiation pressure will not be as much as one order
of magnitude in excess of the value provided by the use of the geometrical
cross section of the particle.

Since light must be assumed not to t'ra.vel within the particle, an
infinite index of refraction has been postulated in the analysis. The basic
conclusion is not changed by the use of a finite index of refraction. In the
case of absorbing spheres, the index of refraction is complex and may be
infinite or finite. The radiation pressure cross section is not much affected
in any case, A typical plot is given in Figure 5. This figure is also taken
from Reference l. The curve is given for index of refraction 1.27 - 1, 37j.
The effect of increasing the complex index is to lower the peak value of the
efficiency factor. In all cases the lower limit is zero for x=®, In these cir-
cumstances, it appears that there is no error in the order of magnitude of
the radiation-pressure calculation introduced by the use of the geometrical

areas of the beam particle in the prediction of radiation-pressure effects.

B. RAYLEIGH SCATTERING
It is to be understood that the type of scattering generally referred
to by the term '"Rayleigh Scattering' is a particular phase of the general

analysis. The Rayleigh scattering is specified by the condition
x = 2.111«1, (45)
" Thus it appears that the wave length is quite large in relation to the particle

dimensions., The condition is satisfied, for example, in the case of visible

light (A = 4000 x 10™® cm) falling upon protons (2ma = 6.28 x 1.4 x 10713 cm).
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Figure 5. Efficiency factors for extinction and
radiation pressure for n=127-137/.
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Using the specified values, the value of x is found to be 2.2 x 10°°. By means
of Figures 4 and 5, it appears that the effect of visible light on electron and
proton beams jg negligible since the particle efficiency factor is practically
zero for this value of x. It is concluded that Rayleigh scattering, as specified

by the condition x<<1, cannot be a factor in the determination of the limits of

application of ion beams in space.

C. THOMPSON SCATTERING

The type of scattering termed "Thompson Scattering" results from the
vibrational response of electrons to electromagnetic wave stimuli which re-
sults in the reradiation of a portion of the incident energy. This can be ana-
lyzed on the basis of a scattering coefficient which is given in standard texts
on the subject.

An idea of the amplitude of the vibrational response of the electron
can be gained by an investigation of the physical amplitude of the incident
wave. This can be found by means of the observation that displacement
velocities in an electromagnetic wave motion are limited to the velocity of
light. The wave displacement is represented by the form

y = Asin ®t, . (46)

The velocity of the displacement is

%tX=chos wt. (47)

It is necessary that the condition

Awcoswt Sc (48)
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should apply where c represents the velocity of light. This condition can al¥

U P—

ways be satisfied by the use of the equality

Aw = c. (49)
Then it follows that the physical amplitude of an electromagnetic wave motion
in space is given by

A:S:L, (50)
W

As an example of the application of this form, the amplitude of a photon of
visible light of 4000 angstroms wave length is 6.38 x 10°® ¢m. It is to be
expected that the amplitude of forced vibration in the electron is not in excess
of this value.

The motion of vibration will not tend to deviate electrons in the beam
from their original path. The reaction of the momentum of the incident light
which is scattered by the particle will do so. Then it is necessary to cal-
culate the magnitude of the expected reaction to see if it is sufficiently large
to be a factor in the determination of beam limitations. The value of the

2
scattering coefficient is

8nNe*
g =
IM P (51)

where the electrostatic system of units is used. The symbol N represents
electrons per cubic centimeter in the beam, e is the electronic charge, M is
the electron mass, and c is the velocity of light.

The coefficient represents the fraction of the incident photon energy

scattered per centimeter of penetration into the region of space occupied by

PEOTH
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the electrons. The intensity of the scattered photon energy in relation to the

incident photon energy at any point of penetration is then given by

dI 8nNe*
& =~ e L (52)

By means of the relation between radiation energy and momentum, the momen-
tum per square centimeter per second in the scattered beam may be found.

This is given by

8 lNe" 1
T g — 53
P 3M®c C ( )

wherei— represents the incident radiation pressure. From the analysis given,
it appears that the scattering coefficient may be considered a fractional effec -
tive area in relation to the unit cross sectional area involved.

The equation relating efficiency factor to the coefficient is seen to be

4
Nm[2.8 x 10713]2q - 8mNe (54)
M2 !

where the value 2.8 x 107 "2 represents the radius of the electron in centi-
meters. The value of the efficiency factor Q is found to be 2.7 by means of
equation (54), Using the radiation pressure value of 4.5 x 10~® dynes/cm® as
applying to the radiation field of the sun at the distance of the earth, the force
on an electron is

F=27x314x[2.8x107%]° x4,5x 10™® =.3x 10729 dynes. (55)
The resulting acceleration of the electron is 0, 033 cm/sec?,

The analysis has been developed for the electron. The proton mass
is 1840 times as large as the electron mass. The scattering coefficient as

applied to the proton is less than that for the electron by a factor of 2. In the |
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final form for force, this factor also appears as a square in the denominator. ]
Thus, the analysis provides the fact that the effect of radiation pressure on

an electron beam is sufficiently small that it cannot impose limitations of any

relative severity upon the use of the beam. For protons, or heavier particles,

the effect is infinitesimal in relation to that for the electron. It is to be con-

cluded that Thompson Scattering can be neglected in the determination of the

limits of use of a particle beam in space.

D. COMPTON SCATTERING

3
The scattering coefficient developed by Klein and Nishina is given

by

-8mNe® 3 (l+¢r2(14) 1 1 _ 1+3¢
v i Z{_g’g[nzc 'El°g“+zc)]+ 2¢ Loel1+2C) = s, (56)

where { takes the value

a C =K‘;—i§, (57)

which 1s the ratio of incident photon energy to the particle rest energy. For
the condition (~0, the scattering coefficient reduces to the standard form for
Thompson Scattering. If visible light is assumed, this condition is met and
Compton Scattering does not apply to any appredicable extent. For hard

gamma radiation, the expression reduced to

nNe* 2hf 1
° = hiMcT [mg Mt 2] : (58)
For the condition hf = ., 8Mc?, equation (58) takes its maximum value
nmNe*
o = 1.25 vk (59)
|
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Since this is smaller than the Thompson coefficient and is reduced with
increasing photon frequency, it appears that Compton Scattering will be of

negligible importance in the determination of beam deviation.
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IV. MEAN FREE PATH CALCULATIONS

A. MEAN FREE PATH OF PHOTONS AND PARTICLES

The analysis presented to this point has been concerned with the
deviation of the beam as a whole. As a matter of fact, the interaction of
photons and partic! 1 occurs on a statistical basis. If the photon is suf-
ficiently energetic and the interaction sufficiently strong, the final effect is
that of removing the particle from the beam. The analysis of the géneral

“average of radiation pressure assumed to apply uniformly to all beam particles
will not provide a value of beam attenuation with distance caused by random
photon impacts. Under the circumstances a knowledge of mean free path of
particles in a photon field is necessary.

The process of attenuation of a beam penetrating a field in which
interactions occur is an exponential function of the distance of penetration.
The attenuation constant is the reciprocal of the mean free path4. If this
concept is applied to photons in an electron field, the photon mean free path

is given by

_ 3M3c*
LT SNes P

which is the reciprocal of the Thompson Scattering coefficient. If an electron
density of 10° is assumed, the mean free path corresponding to this value
is 1.5 x 10'® cm.

It is now necessary t