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LEGEND FOR FIGURES OUTSIDE THE TEXT

Fig. 3
F(0) versus 6. (There is a symmetry with respect to 6 = 450,) Same maximum
value = 1.59 at 6 = 57' for 1 Mev, 6 = 19' for 9 MeV and € = 11' for 25 MeV.

Same angle 6 = 450 for minimum value = 4,52 x 1073 for 1 MeV5 minimum
value = 2.46 x 1073 for 9 MeV and minimum value = 7.51 x 10~ for 25 MeV.

Fig. 4

(a) F(9) versus 6. Same maximum value = 1.59 at 6 = 57' for 1 MeV,
6 = 19' for 9 MeV and 8 = 1]' for 25 MeV. Same converging value =
1 at 6 = 0°,
(b) F(8) versus 6. Similar to (a) at complementary angles (6 + 900 -8),

Fig. 6
E; (impact energy) versus Ep (beam energy); Ep in eV, Ep in MeV; with

space charge.

(a) 6 =20
(b) 6 = 50
(¢) 6 = 10°
(d) 6 = 45°

(from the bottom upwards) N

oo

Ry = 50cm, 55cm, 60cm, 70cm, 80cm, 90dm, 100cm
Ey in eV, Ep in MeV

Fig. 7
Ey (impact energy) versus Ep (beam energy); Ej in eV, Ep in MeV; no space

charge.

(a) Ejo versus Ep, 6 = 15°
(b) Ej, versus Ep, 6 = 20°
(¢) Ej, versus Ep, 6 = 25°
(d) Ejo versus Ep, 8 = 30°
(e) Ejo versus Ep, 6 = 35°
(f) Ep, versus Ep, 6 = 40°
(g) Ej, versus Ep, 6 = 45°
(h) Ej, versus Ep, 6 = 50°
(1) Ep, versus Ep, 6 = 55°
(§) Epo versus Ep, 8 = 60°
(k) Ep, versus Ep, 6 = 659
(1) Ej, versus Ep, 6 = 70°
(m) Ep, versus Ep, 6 = 75°
(n) Ejo versus Ep, 6 = 80°
(o) Ep, versus Ep, 6 = 85°
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Ro = 10cm, 20cm, 30cm, 40cm, 50cm, 55cm, 60cm,
70cm, 80cm, 90cm, 100cm.
(from the bottom upwards)
Ey in eV, Ep in MeV

Fig. 8
Cross-section for ionization of atomic hydrogen taken from Kieffer and Dunnm,

Rev. Mod. Phys. 38, 1 (1966)

Fig. 9
No space charge; beam radius (in cm) vs. distance (in km) for

0.5 attenuation for various propagation angles.

(a) 1MeV; 1,000 mA/cm?
(b) 1MeV; 10,000 mA/cm?
(¢c) 10Mev; 1,000 mA/cm?
(d) 10Mev; 10,000 mA/cm2 ,
(e) 100Mev; 1,000 mA/cm? ]
(£) 100Mev; 10,000 mA/cm?

Fig. 10
No space charge; beam radius (in cm) vs. distance (in km) for §

0.1 attenuation for various propagation angles.

(a) 1Mev; 1,000 mA/cm?
(b) 1MeV; 10,000 mA/cm?
(c¢) 10MeV; 1,000 mA/cm?
(d) 10MeV; 10,000 mA/cm?
(e) 100MeV; 1,000 mA/cm?
(f) 100MeV; 10,000 mA/cm?

Fig. 11
No space charge; beam energy (in MeV) vs. distance (in km) for

0.5 attenuation for various propagation angles.

(a) 10 cm; 1,000 mA/cm?
(b) 10 cm; 10,000 mA/cm
(¢) 55 em; 1,000 mA/cm
(d) 55 cm; 10,000 mA/cm? ,
(e) 100 cm; 1,000 mA/ cm?
(£) 100 cm; 10,000 mA/cnm?
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- Fig. 12
No space charge; beam energy (in MeV) vs. distance (in km) for

0.1 attenuation for various propagation angles.

(a) 10 cm; 1,000 mA/cm?
(b) 10 cm; 10,000 mA/cm?
(c) S5 cm; 1,000 mA/cm2
(d) 55 cm; 10,000 mA/cm?
(e) 100 cm; 1,000 mA/cm?
(f) 100 cm; 10,000 mA/cm?

Fig. 13

Including space charge: beam radius (in ¢m) vs. distance (in km) for
0.5 attenuation for various propagation angles.

(a) 1MeV; 1,000 mA/cm2
(b) 1MeV; 10,000 mA/cm?
(c) 10MeV; 1,000 mA/cm”
(d) 10MeV; 10,000 mA/cm?
(e) 100MeV; 1,000 mA/cm2
(f) 100MeV; 10,000 mA/cm?
From top to bottom: 5°(85°), 10°(80°), 45°

Fig. 14
Including space charge: beam radius (in cm) vs. distance (in km) for

0.1 attenuation for various propagation angles.

(a) 1MeV; 1,000 mA/cm?
(b) 1MeV; 10,000 mA/cm
(c) 10MeV; 1,000 mA/cm
(d) 10MeV; 10,000 mA/cm?
(e) 100MeV; 1,000 mA/cm?
(£) 100MeV; 10,000 mA/cm?

From top to bottom: 5°(85°), 10°(80°), 45°

NN

Fig. 15

Including space charge: beam energy (in MeV) vs, distance (in km) for
0.5 attenuation for various propagation angles.

(a) 55 cm; 1,000 mA/cm2
(b) 55 cm; 10,000 mA/cm?
(¢) 100 cm; 1,000 mA/cm?
(d) 100 cm; 10,000 mA/cm?
From top to bottom: 5°(85°%), 10°(80°), 45°

(NOTE: No effect is discernable for beam radius of 10 cm)

Fig. 16

Including space charge: beam energy (in Mev) vs. distance (in km) for
0.1 attenuation for various propagation angles.

(a) 55 cm; 1,000 mA/cm?
(b) 55 ecm; 10,000 mA/cm?
(¢) 100 em; 1,000 wA/cm?
(d) 100 cm; 10,000 mA/cm2
From top to bottom: 5°(85°), 10°(80°), 45°
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I. INTRODUCTION

When a neutral particle beam passes through the upper atmosphere, it
undergoes a number of physical processes which lead to the degradation of the
beam intensity and of the beam energy. Probably the most ifmportant amongst
these processes is stripping which leads to the loss of (one or more)
electrons of the beam particle. Stripping can be induced by collisions with
neutral particle ions or electrons, without substantial differences in the
stripping cross section per electron, While it 1s usually assumed that the
stripping particles originate from the atmospheric gas or plasma through which
the beam passes, this is, as we pointed out and discussed in an earlier
Scientific Report, [1] (to be referred to as 1) not necessarily so. The
electrons, stripped éff the beam particles, themselves can become agents of
subsequent stripping processes. Instrumental in this scenario is the presence
of the earth's geomagnetic field which helps to accumulate the beam generated
electrons in the beam's path. It was actually Alfven [2] who realized that
the passage of a neutral beam through magnetic field brings about an anomalous
source of ionization.

In I, certain basic aspects of this beam induced stripping (BIS) were
analyzed. We demonstrated through a rather simplified, but qualitatively
faithful model, that at high enough beam current BIS may become the dominant
mechanism of beam degradation.

Two major conditions have to be satisfied in order for the BIS process to
become effective: (i) the stripped electrons must remain within the beam for
a long enough time s> that they can undergo further ionizaing collisions, and
(11) the stripped electrons must acquire a high enough (but not too high)

relative velocity with respect to the beam particles, so that they can cause

stripping collisions.
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The presence of the geomagnetic field is critical in meeting both of
these conditions. 1In addition to the direct effect of the magnetic field, the
separation of the positive ions and negative electrons causes a polarization
electric field which, in combination with the magnetic field generates
complicated drift trajectories.

The effect of the magnetic field can be especially clearly seen in the
case of the beam propagating along the magnetic field. 1In a stripping
collision, the electrons are ejected at a large angle with respect to the beam
velocity and thus, without the magnetic field, would promptly leave the beam.
The magnetic field, however, forces the electrons back into the beam. For a
general beam orientation the situation is more complicated; nevertheless, tne
general tendency of the electron becoming trapped by the magnetic (or by the
combined magnetic and electric) fields, still prevails. In the other extreme

situation, when the beam propagates perpendicular to the magnetic field, it is

the polarization field that forces the electrons to travel, for a substantial
period of time, with the beam. This scenario, although somewhét similar to
the well-known problem of a plasmoid or plasma beam travelling across the
magnetic field [3] is different in that the electrons are continuously
created along the beam, and thus the critical transient phase of the plasma
beam problem, where, upon penetration, the beam has to create the field that
propels it further, plays & much less important role.

Having demonstrated in I that the BIS process, under certain

conditions, can be an important factor in beam degradation, we may now list

the principal problems that one has to address in order to obtain a detailed

description and assessment of the BIS process.

2
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(a) Calculation of the “"geometric factor”, i.e. the fraction of
time spent by the electron within the beam.

(b) Calculation of the relative velocity of the electrons and
determination of the relative energy-dependent stripping
cross—section.

(c) Calculation of the polarization electric field.

This Report addresses itself to item (b) and to one aspect of item (c).

In section II electron trajectories in a crossed electric and magnetic field
configuration are calculated without the usual assumption of the electric
field being uniform - a model valid only in the case of small gyro-radii. It
is shown that with strong enough spatial variation of the electric field the
concept of Exg drift doesn’'t apply at all. 1In Sections III and IV we examine
in some detail the generation of the relative velocity by the magnetic field
and find that it depends significantly on the beam energy, on the beam
diameter and on the propagation angle of the beam. Then we calculate the beam
decay distance for 10% and 50% beam degradations, as a functlion of beam energy
and propagation angle. In all these calculations we use two scenarios:

(1) no polarization electric field and (ii) a model electric field
representing, in the absence of more elaborate self-consistent calculations,
the polarization electric field; for the geometric factor, again in the
absence of a detafled calculation, we assume the median value y = 0.5. In

Section V, we give some qualitative discussion of the mechanism determining

the actual value of 7y.
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II. TRAJECTORY EQUATIONS

The mathematical problem of Lorentz force equation coupled with Poisson
equation cannot be solved analytically. A self-consistent field approach
involve making appropriate physical approximations and numerical calculations.
However, under certain non-trivial conditions, the Lorentz force equation with
uniform magnetic field and external electric field can be solved exactly. The
resulting electron and proton trajectory equations are useful in providing

estimates for the beam~induced stripping (or self-stripping.)

We will study in detail two cases: (1) beam propagation, uniform magnetic
field and linear electric field are mutually orthogonal; (2) beanm propagation,
uniform magnetic field and constant electric field are arbitrarily oriented.
These two cases are exactly solvable and thefr solutions provide useful
insights for future work.

+> + »
(1) Mutually Othogonal vy, B and E(y)

+ +> +
We designate vy, B and E(y) respectively as the beam propagation velocity,

geomagnetic field and linearly varying electric field. Specifically, we have
- ‘* -~ ~

>
v = vpi, B = Bk and E(y) = (E - €y)j, where E and € are constants to be

specified later.

The Lorentz force equation for electron becomes |

X = ﬂny |
eE e€
y - wx —+ ==y (V)
eB ‘
where w == and m 1s electron mass.
|

This 18 an exactly solvable problem and the resulting electron trajectory

equations are:

REe.
x(t) -[1 € ]1/2 sinflt + (Vb‘wREC)t (2)
wB

4
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y(t) = Rge (l-cosfit) + y, (3)

where the modified frequency Q 1is:
wB '
and the modified radius Rg. is

1 1
= [vp - 3 (E-eyo))
REE - € . (5)

1] - —

wB

We have assumed the boundary coanditions: x(0) = 0
and y(0) = yo, |yol € Ry, where R, is the beam radius.
Eqs. (4) and (5) indicate the effect of linearly varying electric field

with a non~zero €. Reduction to the simple case of uniform field can be seen

by setting € = 0, and we have Q+u = %E and Rgc *~% [Vb - E]'

»
The Lorentz force for proton with an external linear field E(y) = (E+ay)j

becomes
X = wpy (6)
. eE eq
y =epX *y Yy
where wp = %E, M = proton mass, and the constants E and a are to be

specified later. The resulting proton trajectory equations are:

REq

wa
yp(t) = Rgq (cospt = 1) + y, (8)

where the modified frequency and radius are respectively

- - 8_y1/2
wp (1 wPB)/. (9

p
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. 1 1

»“. v - — (E + a )
R . EP [ b B Yo J
Ea ] - @

wB

(10)

~ - e r o n
-

A simple model of uniformly distributed space charges (electrons and protcns)

resulting from beamatmosphere ionizations yeild the following expressions for

y E(y),

. Re + R
: 2Re + Ko 1
E(y) = E - ey = en - vyl o, (11)
. €04LR, [ Re *+ Ry Re + Rp ]
\
) Ro € y € 2Re + Ry
1]
) E(y) = E - ey (12)
‘I
)
__en 2Re X (Rp-Re)Ro
€04LRy ‘Re + Ry (Rp + Re)(Re + Rp)
(Rp - Re)
2] - ’YI)
(4 (Rp *+ Rg) (Rg + Rp)
v 4
£
d
~ Ry ¢y <R
s 2R, + R
en ‘p o 1 (13)
E(y) = E + ay = + y
s y Y T eg4LR, ‘R, * Ry | Ry + R I

(2R, = Ry) € y € Ry

P

where Rp and R, are respectively proton and electron gyroradius, L is about

6R and n is the total number of ionizations for beam traversal distance L.

p’

The results obtained so far are based on simple assumptions, and are not

adequate for physical applications. However, they constitute a basis for

further considerat{ons.
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> +
(2) Arbitrarily Oriented Vb, B and Constant E

~

e

+>

As shown in Fig. 1, we have: vp = vui,

~ ~

’ "I
B = Byl + Byk
. - - -
E=E,d + Eyj + E,k '
- ; :z
and tan 6 = E‘
>— X X i
t
The Lorentz force equation ‘
5
equation for electron can be 4
»
- Figure 1 !
4
!
written as:
X = =Yy = W,¥ (14)
y = Yy - wyZ + w, X ]
z = =Y, + w.y
eE eE eE, ]
where Yy = R vy 2SR Yzt :
eB eB, .
Wy = —Exy and w, = —= . ‘

This system of coupled equation can be solved exactly and the resulting

electron velocity equations are:

w
x(t) = —w,A sin (wt + ¢) - —%-(wxyx + wyy, )t (15) !
W

w,Y w,2
Yy L \
+ ) + (1 wz)vb

h
)
. [ mz .!

2(t) = wyA sin (Wt + ) = =7 (wyYy + wyYp)t (16)
»

WyYy W Wy
- + v

w2 mz b "
.l

}.'(t) = WA cos (wt + ¢) + ‘:’-2 (waz - szx)’ (17)
p2 :
where A= %7-[(Yy - wyvp)2 + ;f] 1/2, R

F

-
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equations with the boundary conditions:

€ R, and

tanp = %-(mzvb = Yy),

wl = mxz + wyz and D = wyy, = wzYy .

zo, < Rye

Lorentz force equation for proton can be expressed as:

X = =Yy ~ W,y
y = =Yy = uyi + wyk

Z--'Yz+wx}"

eEy eE eE,
where  vx T Yyt vz Ty
eBy eBz
Wy ‘T, andwz '—M—.
Tne proton velocity equations are given by:
. Wy
x(t) = +w,A sin (wt + ¢) +';§ (wyyy + wyYg)t
woy wyl
+_;Ex + (1 2 vy
s Wz
z(t) = —w,A sin (wt + ¢) +-—5 (wyrx + wpyg)t
w
UxYy | Wx¥z
w2 ¥ w? b
. 1
y(t) = wA coz (wt + ¢) + 7 (WyYz = WzYy),
A= L[, - y2 4+ B2y 172
where 7 [( y ~ WzVp ;5] ’
w
tﬂn’ = 3 (WZVb - Yy)t
wl = wxz + wyz and D = wyy, = wyY, .
Again the

the above equations with the same boundary conditions as those for the electron.

The electron trajectory equations can be obtained by integrating the above

x(0) = 0, y(0) = y,, 2(0) = z,, with y,

(18)

(19

(20)

(21)

proton trajectory equations can be easily obtained by integrating




It is worth noting that the accelerating terms in i(t) and ;(t) for both
electron and proton contain the factor (wyyy + w,Y,), which can be considered to
have resulted from the presence of Ey and E,» The sinusoidal and constant terms
represent steady state motion with bounded energy. Therefore, we require that
(wyYyx + w,Y,) vanishes with non-vanishing Ey and E,. This can be accomplished by
making the physically reasonable assumption that for self-consistent and
self-sustaining motion there exists only transverse "polarizing" electric field,

i.e.,

+ >
E.B = ExBy + EyBy + E;B, =0
Since By = 0, we have E,By, + E;B, = 0
and therefore w,Y, + w,Y, = 0. Using the expressions B = sz + Bz2 and tanf =

B
EE' we can rewrite the velocity equations for the electron as:
X

E
ke(t) = tand (3%) sin (wet) (22)
- sinb (%¥ - sin 6.vy) cos (wgt)

+ sind (%*) + cos28, (vp)

fe(t) = - (£2) sin (wet) (23)

+ cosH (%¥--sin6. vpJ) cos (wgt)

cosf, (%*) + cos9.81in0 (vp)

E,

E—C_O—S—é- [l‘COB(wet)] (24)

Ye(t) =

E
- (El - sinBevy) sin (wgt)

------

IR e N R R A R N s S e s



The proton velocity equations are rewritten as:

E

:':p(t) = ~tanf (ii) sin (wpt) (25)
E

- 8ind (ix- -sine.vb) cos (wpt)

+ sin 6, (%)‘) + co0828.(vp)

Ep(t) = ZZ sin (upt) (26)

+ cosh (%¥- - sin9°vb) cos(wpt)

- cosb (%Y-) + cosBesind (vy)
E
ﬁp(t) - EEZEEE- [l-cos(wpt)] (27)

E
+ (El -sine.vb) sin(wpt)

where wp = (w2 + w,2)1/2 .% (B2 + B,2)1/2 = _;_B.

Y

It is worth noting that both the electron and proton velocities along B

direction are equal to cos®.vy. More specifically we have

(;e)l + (;e)u = cogb.vy = vy
and

(;p)u + (;p)l = cosB.vy = vy

> >
where vy is component of beam veloc! y vy, along the B direction.

10




The velocity equations Eqs. (22) to (27) express the electron and proton
velocities as functions of known quantities 6, vVps B and assumed quantities Ey
and E;. In a self-consistent field calculation, Ey and E,; would be determined

- from 8, vp and B.
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1II. BEAM-INDUCED STRIPPING

We de:ignated the relative electron-beam velocity as teb = ;e - ;b’ whose

components vVey, Vey and ve, are given by Eqs. (22) to (24) as

E
Vex = Xe¢ — Vp = tand B_z sin(wet)

E
- sin° [vbsine - 31][1 - cos(upt)] (28)

EZ
Vey  Bcose [1 - C°5(wet)]

+

E
[vbsine - El] sin(wet) (29)

£z
Vez = ~ 5 8ln(wet)

+

E
cosb [vbsina - Ez-] [l - cos(met)] (30)

>
For the relative proton-beam velocity vpp = Gp - ;b» the components are

given by Eqs. (25) to (27) as

E
Vpx ® Vp = Vp = - tand: _B_z_ sin(upt)

E
- sina-[vbslne - -B-x] [l - cos(wpt)] (31)

E; i
Vpy ® Boos8 [ cos(wpt)]
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~(vpstro - 51) sin(upt) (32)

B
Vpz * (g&) sin(wpt)
+ cosO* (vbsine - ;Z) [l - cos(wpt)] (33)

The beam (neutral) particles all travel with velocity ;b within the beam
confine which i{s of cylindrical form with cross-sectional area nki . The
chérged particles (electrons and protons) move with velocities whose
components are given by Eqs. (22) to (27). However, the charged particles
spend only a short time within the beam confine. We designate the time
interval as T; and consider the kinematics of the charged particles within the
bean confine. As shown in Fig. 2(a),

i . a charged particle starting from

=y

the beam center (i.e., origin of

ID I Xx-y—-2z system) can be regarded as

| <\\\\\j%\\\ R j staying within the beam confine
o
: if its moving center's path is

IR '\) N R,

<Dy = sind®

Figure 2(a)
As shown in Fig. 2(b), vy is the

! component of beam velocity vy in

the ﬁ direction, i.e.,

> vy = vpcosd., We regard Ty as
the time interval during which

the charged particle {s within

the beam confine. Thus we have

Figure 2(b) 13
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vy - vpsinBecosd  vysin20

Ty =

We now assume that all the charged particles starting from the

cross-sectional area tR: (at x = 0) spend approximately the same time interval

Ty within the beam confine. For this time interval T;, the time-averaged
relative electron-beam and proton-beam velocity components as given by Eq.

(34) to (39) becone

E
{vex> = tand- EE- %— [1 -cos(*e)]

= sinO° |vpsind - Ll - 1 sin(ye) (34)
B Ve

E
+ Erbsine - Ez-] ;—- [l - cos(we)] (35)
e

E2 1
vegY = = B—z v [l - cos(we)]

E
+ cos@° [vbsine - -51] [ - ;— sin(we)] (36)
e
U
"
E 1 . :
{vpy> = - tand- Ei -W_;; [l - cos(wp)] 4
& [, 1 :
- 8in@° wvpsind - n - -w—- sin(wp)] (37) .
P
14 ;

F)

. - - < B U N2 o T o .0 AERIPR 6 L IL ST INE JEE TSR PIL AR LRI NN S S S
:._..‘,.. oD e IAT Tt WA A A Y L ASCHN 2 N I O R N RN Ao .-.-. PRI



e TeswesvyvEws -"Y—Mmemmmm TATER A AR TN IR EN T WY UN Ty

Voyd = 1 -1 ginyy)
13 Bcos® ¥p P

Ev\/1
-(vbsine - -51)(-‘;;) [1 - cos(wp)] (38)

E; /1
(sz) - B—-(-w—p) [l - COB(Wp)l

E
+ cos@°<vbsin0 - l)[l -L sin(tpp)] (39)
B ¥p
, 2eBR,,
where Yo = woTy = ;;;;T;EE and
2eBRo

¥p = “pTh = Yopsin20

We expect electron-beam collision to occur for <|;eb[> +#0, i.e., non-zero

t ime-~averaged magnitude of the relative electron-beam velocity vector

+ + o+ »
Veb ™ Ve~Vpe From Eqs. (36) to (40), we have
-’
<|Veb|> = l<"ex>2_ + (vey)2 + <"ex>2] 1/2 . Vap>

where the right-hand side can be simplified in the following manner to give an
upper limiting value for <|;eb|>.

Firstly, we let Ey = vpBsinO = vyB,, i.e., the electric field Ey is such
that the charged particles move with the beam with velocity vip. 1In a
self-consistent space-charged polarization field, this would represent the
upper limiting value for Ey. Secondly, we let E, = vpBcos®, which represents
the optimum E, for charged particles having drift velocity vy in y-direction,
which, however, is balanced by Ey = - vpBsin®, on account of tranverse field

condition E B, + E;B, = 0.

15
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Similarly, proton-beam collision occurs for

>
{|vpp|> # 0. From Eqs. (34) to (39), we can obtain

<>
Wepd? = (|vep|>? = Cvgyd? + Cveyd? + Cvg,>2
MY
and pp>2 = (Jvppl>2 = (vpd? + vpy>2 + Cvp D2

We will now consider two limiting cases: namely, "transient” case
with 2zero electric field, and "steady state" case with optimum electric
field.

We let Ey = Ey, = E; = 0, and Eqs. (34) to (36) become,
<Vexdo = Vp 81n0 [(i—-) sin (ve) -1]
e
<Vey>o = vy, sin 6 (l— ) [l - cos (we)J
Ve
{Vgzdo = Vp 8in B.cosb [(%—) sin (ye) -1]
e

and from which we finally get

Veb>3 2 1 9 1. ]
v_b?° = gin?0 {2 (We) [1-cos (¥e)] + 1-2 (TPZ) sin (Ve)} (40)

where the subscript "o" denotes quantities with zero electric field.

Examination of Eq. (40) shows that the factor
{2492 [1-cos(¥e)] + 1-2(3-) s1n (o)} = F(8)
We ‘Ve

is symmetric with respect to 6 = 45° (also the angle for minima), increases
from 6 < 45° (and ® > 45°) with maxima at 6 < 1° (and 8 » 89°) and then
oscillates with decreasing amplitudes and increasing frequency and finally
converges to unite at 6 = 0° (and 90°), These features are graphically given
by Figure 3, Figure 4(a) and Figure 4(b).

The 81n28 term in Eq. (40) destroys the symmetry of F(6) with respect

to F(8) with respect to 6 = 45°. The quantity <Veb>zo/Vb2 approaches zero as




6+0° and is unity at 6=90°. At 6=0°, we have agreement with the expected

>
physical situation, i.e., all charged particles travel with velocity vp within

the beam confine. At 6=90°, we have upper limiting value of unity, which is
larger than the actual value depending on the ratio R,/Re (or RO/Rp for
proton).

We now consider the situation at 8=90° with the aid of Figure 5. From

the expression for the time interval Ty = —czggzg—ig— , as 68 » 90°, we have
b

y T A e o] ze = 0, xe = Vp cos wet and
; ' y B ;e = v sin wgt. Since T; + =, the
0 time—averaged quantities <;e> and
<;e> are both zero. Referring to
Figure 5, we can see that <;e> is
@7 indeed zero within the beam confine
Figure 5 regardless of the Ry/Rg. However,
<;e> is not zero for Ry/Rg < 2 (<;e> is zero for R,/Rg 2 2). To obtain the

correct value for <;e> within the beam confine, we proceed as follows.

First, we designate T as the time required for the electron to reach

R, from the origin, and we have
T . 1
jo Vedt = yo (1) - ye(0) = R, = Vb(;_) (1-cos(we1)],
e

from which we get

Ro

cos(w,t) = 1 - —
e Re

From & < 90°, the situation described above still holds, and we can

write

17
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Ro
?-e iine

cos(wet) = cos(og) = 1 -
Incorporation of the above results leads to two different expressions

for <vep>3/vf as follows:

RS
—b70 | in2e {2(i—)2 [1-cos(ve)] + 1-2(%—) sin(ve)) (40)
v e e

b

b 2R, .
where yo = m, with 6 < 90

b and

<vep’3 = sin?6 - GL—)Z [1-cos(og) ]2 (41)
Z Oe

Vb

—ryw

Ro

_§~_E;;§—]' with 6 = 90°,
e

where oo = cos™! [1-

) Similarly, for the proton case, we have

Vppdd = gin2 142 - —2(-
vgb 0 sin<@ {2(¢p) [1-cos(yp)] + 1 Z(WP) sin(wp)} (42)
b

Y

2R,

e °
where y, R S1n70 1883 with 8 < 90
and

4
p

RS

-—{ﬁlll— = sin20 - c%—)z [l-cos(op)]2 (43) '

h P
!
s
b
N
]
p
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Ro

= o
R, sind ], with @ %0°,

vhere ap, = cos~! [1 -

These two pair of equations, Eqs. (40), (41) and Eqs. (42), (43),
represent the results for the "transient”™ case where the electric field is
zero, i.e., beam propagation time duration is too short for the formation of
space-charge field.

We now consider the "steady state” case where the space-charge
(polarization) field has been fully extablished. To approximate the proper
space-charge field which is to be obtained from a self-consistency

calculation, we propose the following field specifications:
Ey = vipB sinb
E, = vpB cos?0 -« sing
Ex = -vpB cosb - s1n28
These field components agree with the reasonable physical requirements
as described in the following:
(1) Ey = Ez = Ex = 0 for 8 =0°
(2) Ey = vpB, E; = Ex = 0 for 8 = 90°

>

E

|

]

S
(3) |E

= vpB 8in8 ¥ |4.0g2g, with maximum
= vpB at 6 = 90°,

In conditions (2) and (3), we have assumed optimum polarization field
+
strength so that Ey (and E ) = vyB, 1.e., the charged particle velocity is

»
equal to beam velocity Vhp. Substituting these field components in Eqs. (34)

19
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to (39), we obtain the corresponding "steady state" results as follows:

Vapd?
—eb’

v

= L(s1n20)2{2(1)2 [1-cos(¥e)] + 1-2(1) sin(ye)}  (44)
b 4 We we

2R,

W , with 8 < 90°,

where yo =

vapd?l
—#2— = 7 (s1n28)2 (3)2 [1-cos(o,) ]2 (45)
Ve Je
_1 RO e ©
where o, cos (- W], with * 90°,
ISRV
——82——— --% (sin26)2 {2(—1-—)2 [l—cos(wp)] + 1-2(l~) sin(yy)} (46)
v ¥p ¥p P
b
2Ro 6 .
where wp = —§;~;I;5§—, with < 90
and
ICRNY
-—{?E-—- = % (s1n26)2 (l—)z [l-—cos(op)]2 (47)
v %p
b
-1 RO e o
where Op cos (1 - -Tp__s_i—ne_ }, with = 90°,

To obtain the electron-beam "impact" energy Ej, for the transient
2
field-free case, we first let H(a,8,f) = <vgp>, /vp? as given by Eq. (40) and

write

1 mvi H(a,®,f) (48)

1
Elo = 20 <veb>g =3

10%ev Ry
where a \//Eb and f Toca




2Ro (0.12690113)af
we thus have ye = Resin26 = sin26

Noting that the beam radius R, = fxl0cm and the beam energy

Ep = %-Hvbz = 10%V/a2, we can express Ey, as a function of Ep, Ry and 6.

Similarly, the electron-beam impact energy Ej for the steady-state

space-charge field case can be written as
= L ncvgp>? = 4 avp? 6(a,8,6) (49)
Ep = 5 mlvgp?® = 5 avp G(a,8B,

where G(a,8,f) is given by Eq. (44) with the same Yy, as given in Eq. (48). Ej
can again be expressed as a function of Ep, R, and 6. It should be mentioned
that Ey is symmetric with respect to 8 = 45°,

Figures 6(a) to 6(d) show Ej versus Ep (with seven values of R,) for

& = 2°, 5%, 10° and 45° respectively. Figures 7(a) to 7(q) show Eyp versus E
(with eleven values of R,) for 6 = 5°, 10°, 15°, ..., 85° respectively. The
important results from Figs. 6(c) and 6(d) can be stated as follows:

(1) The critical beam radius Ry is 55cm, with an impact energy of lée
and an ionization cross-section oy equal to 0.1 (nag). [Note that
nai = 1.13673 (10716 cmz)]. These values are constant for Ey
ranging from 1Mev to 100 Mev.

(2) For 6 ranging from 10° to 80° and Ep from 5 Mev to 100 Mev, R, and

the corresponding ionization cross section 0y are tabulated in the

following
Ro in cm 60 | 70 | 80 | 90 | 100
or in maZ | 0.2| 0.5] 0.6] 0.7] 0.8

(3) For 8 < 5° (and 8 > 85°), Ep decreases for Ep < 40 Mev. The

decreases are more pronounced for larger R,, smaller 6 and Ey,
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(1)

(2)

(3)

(4)

important features shown by Figs. 7(a) to 7(r) are as follows:

For the same values of beam radius R,, the impact energy Ejg
increases with the angle 9.

For the R, and 6, Ej, is almost constant for beam energy Ep ranging
from 10 MeV to 100 MeV.

For Ep ranging from 1 MeV to 10 MeV, Ej, decreases with Ep, and the
decreases are pronounced from larger R,.

For © = 59, the critical R, is again 55cm for Ep>10 MeV, and for

6 = 80°, Eyp is 18 eV for R, = 10cm.

Because of large proton to electron mass ratio M/m = 1843, we have null

2
result for the case of ionization by protons. In other words, <Vpb>o/vb2 and

<Vpb>2/Vb2 as given by Eq. (42) and Eq. (46) respectively are less than 8x1078

(even for the largest R, = 100cm), with resulting impact energies less than the

threshold {onization energies.




IV. ESTIMATE OF THE GEOMETRIC FACTOR

In this Report our principal aim has been to elucidate the dependence of
the degradation of the electron impact energy on the different beam parameters.
However, as discussed in the Introduction, the BIS process requires that two
conditions be met: the electrons have to acquire sufficient energy for
ionization and they have to be retained for a sufficiently long time within the
beam to be able to interact with the beam particles. To be more precise, the
electrons, in general, leave and re-enter the beam region many times. Thus, in
1 we have defined a 'geometric factor”" v, v < ! which describes
phenomenologically the reduction of the collision probability due to the
reduced time the electrons spend within the beam. The calculation of the
geometric factor for a general situation will be the subject of another Report.
Some comments, however, are in order.

The mean free path of an electron with respect to ionizing collisions with
the beam particles is obviously quite long, comparable to the beam degradation
length., For beam propagation at very small angle the magnetic field can force
the electrons to re-enter the beam many times (even though they acquire a
perpendicular velocity component in the stripping process) and to effectively
travel with the beam. Details of this process were discussed in I. For an
arbitrary propagation angle, it is the combined effect of polarization electric
field and of magnetic field that i{s expected to cause the electron to re-enter
and travel with the beam. The details of this scenarlo are to be discussed in
a separate Report. However, for the purpose of the calculations in the present
Report we have ignored the re-entry of the electrons and calculated averages
over the short time while the electron in which the beam after its emergence,
We believe that because of the quasiperiodicity of the motion, this doesn't

seriously affect the results concerning the velocity averaging.
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It should be noted that the conditions relating to the relative velocity,
on the one hand, and to the geometric factor, on the other, are in general,
contradictory. Extended stay within the beam requifes traveling with the beam
particles and thus low average relative velocity. The difficulty is partly
due, however, to the model used for our calculation, where the relative -
velocity is identified with the relative average velocity. Thus, in extreme
gsituations, the latter may become zero, while the former does not. Obviously,
a more rigorous calculation is called for in such cases.

The most difficult problem in a rigorous handling of the particle
trajectories would be the self-consistent determination of the polarization
electric field. Since such calculation is much beyond the scope of the present

Report, in Section 111 we have used a simple physical model for the

representation of the electric field. This model includes a component parallel

- Y

to the beam velocity (always perpendicular, however, to the magnetic field).
The justification for the existence of such a parallel component, which is not
contemplated in the usual theories of cross—field propagation [3], can be found
through a simple glance at the geometry generated by a neutral particle beam
moving at an angle to the magnetic field and undergoing stripping. Over a
distance small compared to the ion gyro-radius, the beam carries a net positive
charge (since the ions deviate little from their original path), while the
electrons create a triangular wedge, fanning out along the beam. It is
expected that such a geometry will indeed give rise to a parallel component

of the electric field.

wew
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V.

CONCLUSIONS

The following conclusions emerge from this study:

1. As already discussed in I, the BIS process can become, at high
altitudes, a non—negligible contribUEion to beam degradations. While in I
we discussed the case of propagation parallel to the magnetic field, in
the present Report we considered a general propagation direction at an
arbitrary angle to the magnetic field.

2. The propagation of the beam at an angle to the magnetic field causes
the electrons generated by the BIS process to acquire sufficient relative
velocity to induce further stripping. The stripping cross section by
electrons being, however, a sensitive function of the impact energy (see
Fig. 8), which in turn, is a function of the beam energy, angle of
propagation and beam diameter, the beam attenuation coefficient becomes a
function of all these parameters, in addition to the beam current density
which determines the density of the beam particles. These dependences are
shown in Figs. 9 through 16, There are two major kinematic approximations
used in these calculations: (a) representing the relative velocity by the
average relative velocity and (b) calculating averages over the first
portion of the particle's trajectory whthin the beam. Apart from extreme
situations, both of these approximations are reasonable and also can be
easily removed in future work.

3. The polarization electric field plays an important role in guiding the
electrons along the beam. The determination of this field for an
aribtrary propagation angle is an extremely complicated task: no attempt
has been made in this direction in the present Report. We have used,
however, a reasonable model for representing the polarization field and we

have calculated effects both without (corresponding to a "transient”
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situation) and with polarization fields. The differences can be assessed
by comparing Figs. 3 and 4, Figs. 6 and 7 and Figs 9-12 and 13-16,
respectively. In Section II1.1 we have also examined the effect of the
inhomogeneity of the electric field and have found that if the scale
length of the inhomogeneity, say Y satisfies vy < %-%: the usual drift,

trajectories change into open trajectories and lead to an unbounded motion

which cannot be described in terms of the customary drift trajectories.
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Fig. 6(a)
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Fig. 7(a)
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