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LEGEND FOR FIGURES OUTSIDE THE TEXT

Fig. 3

Tg¢ versus 8: Tg in unit of 1.138952x10"7 sec, 8 in degree and n for beam
energy in unit of Mev.

(a) n=1
(b) n=2
(c) n=5
(d) n=8
(e) n=10
(f) n=20
(g) n=30
(h) n=40
(1) n=50
(j) n=60
(k) n=70

Fig. 5

Te versus 8: T¢ in sec, © in radian, and n for beam energy in unit of MeV.

(a) n=0.1
(b) n=1

(c) n=2

(d) n=10
(e) n=20
(f) n=40
(g) n=50
(h) n=70

Fig. 6

T, versus 8: T, from Eq.(15) with f=0 or 8=1; T, in unit of 1.138952x107 sec,
and 6 in degree.

Fig. 7
F(y) versus ¥: ¢ in radian.

(a) ¥y from O to 100 radians.
(b) ¢y from O to 10 radians.
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1. INTRODUCTION

Our previous work, hereafter referred to as Report II, concerned the beam
attenuation due to "seif-stripping" resulting from an "optimum" electric field

having the components due to transverse and longitudinal polarization,

Ey = vy B sind (1)
E; = vp B cos28 sind (2)
Ex = ~vp B cos 6 sin2p (3)

where v, is the beam velocity, and B = /sz-t-Bzz » B, = B sinb, By, = B cos8

(See Figure 1).

u A t

J ;
We assumed a confinement
Yb time Ty of the form
Bx;iﬁ - 2R,
Bz/ 5 ) . X T et (4)
//A:_- -t with 6 < 90°, and R, being
#1; the beam radius.
Figure 1

We also assumed another confinement time T given by

Ro o
cos(wt) =] - 7 for 8 < 90 (5)

where w = iﬁ and R are respectively the electron gyrofrequency and gyroradius.
e

In the present work, we will study alternative models for the electric
field, and the corresponding confinement times. Our purpose is twofold.
First, we wish to study the effect of different reasonable models on the
confinement time. Second, we wish to combine the confinement time (T) with

the (energy dependent) collision cross section (o) to obtain an estimate for
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the total beam—induced stripping probability P = g;; - ;%— as a function of

the beam parameters.

I1. ELECTRIC FIELD WITH TRANSVERSE COMPONENT ONLY: CONFINEMENT TIME

In the first model, the electric field has only one component, due to
transverse polarization. More specifically, we have

Ey = fvp B sind, 0<f<1

E, = 0 (6)
‘ where f can be regarded as field strength parameter. f = 1 corresponds to a
i fully developed polarization field, while f<1 describes reduction due either
to ambient plasma screening or to transient situations where the electric
field has not fully developed.

The resulting electron velocity equation becomes

x(t) = (1-f) vy sin28-cos(wt) + vy (fsind*cosd) (7)
y(t) = (1-f) vp sind-sin(wt) (8)
z(t) = (1-f) v sinb+cos8 |1-cos(wt)] (9

For the field-free case, f = 0, we have

io(t) = vp sin28-cos(wt) + vy cos?6 (10)
Yolt) = vp sinb-sin(wt) an
;o(t) = vp, 8inB-cos® [l-cos(uwt)] (12)

For the "maximum"” strength field: f = 1, we have x(t) = Vb §(t) = 0, and

z(t) = 0 which describes undisturbed electron motion.
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Integrations of Eqs. (8) and (9) give the trajectory equations

y(t) = (1-f) R sin® [1l-cos(uwt)] . (13)

z(t) = (1-f) R sinb°cos® [wt - sin(we)], (14)
where again w and R are respectively the electron gyrofrequency and
gyroradius.

The y(t) is sinusoidal and confined between O and 2(1-f) R sinf, while
z(t) has a secular behavior due to drift.

The confinement time can be considered in the following manner. Looking
along the positive x-axis, we can interpret the interception of y-z trajectory
with the beam (radius R,) circumference as equivalent to confinement time Tg

(See Figure 2)

1Y

/7‘.‘:» z/\ Y-z TY&JCC+OY5
/QY(E) l'\

N\

\
. \1:_/ -

Figure 2 f

We can now write
Y2(Tg) + 22(T¢) = Ry2

or more specifically

2
sin28 [l-cos(w'rf)]2 + sinza'cosze[wr - sin(wa)]2 - (1Yf)2 R (15)

where Y = R,/R. Computer-generated results from Eq. (15) in the form of

T¢ = Tg(0,Y) are given in Figs. 3(a) to 3(n). Assuming R, to have a fixed
-2

value of 10cm, we have Y = 24252%1519——, with o being the beam energy Ey

in unit of MeV.
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It is worth noting that T, represents the confinement time for the zero-

fleld case, while T; represents the confinement time for "optimum"

y-component-only field; T¢ is infinite, since the optimum y-component-only

field results in undisturbed electron drift.

However, T¢ can be considered in another way. From Eqs. (13) and (14), .

we write

Y = (1-f) R 8in® (l-cos wTg) = %'(l-coswrf),
Z = (1-f) R sinf-cosb (wTg-sinuwTg) = %-(wa - sinwT¢),

where %-- (1-f) R 8inb and % = (1-f) R 8inB°cos6. Rearranging terms
and squaring, we obtain a quadratic equation for Tg¢,
w2Tg2 ~ wBZT; + Ty + B222 - 2aY = 0,
which yields the solution
Te = 2 4 [24Y - a2y2)1/2 (16)

It is instructive to compare Eq. (16) with Eq. (4). 1f we let Y = 0, we get

BZ BR, . 2R, . Ty
T (Y=0) = o Ta (1-f)vpsin<8 (1-f)* a7

where we have made use of the relation,
22 + Y2 = 2, {.e., Z = R, for Y = O,
For the zero-field case(f = 0) we obtain
Ty = To(Y=0)
Thus, we have clarified the approximation involved in the confinement time T,

as used in Report 1I. 1In other words, T; 1is equal to the zero-field

confinement time with the approximation of having Y = 0. 1In the following we

will examine closely various types of confinement times and their comparative

L 4 W ff('f.'.f’.ff.-".’lfrl‘f(f""f
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merits.

111. ELECTRIC FIELD WITH "OPTIMUM" STRENGTH: CONFINEMENT TIME
The "optimum" electric field as given by Eqs. (1), (2) and (3) results inm
the following y-z trajectory equations:

ye(t) = Rsinbecos® [wt-sin(wt)] (19)

zo(t) = -RsinB+cos28 [l-cos(wt)] (20)
where the subscript € denotes "optimum" field strength.

Recalling the corresponding field-free equations as given in Egs. (11)
and (12), we can write

ye(t) = zo(t), (21)

ze (t) = —cos28. yo(t) (22)

which can be graphically described in Fig. 4.




The switching-on of optimum field has the effect of rotating the y-z
trajectory about the x-axis through 90° and reducing z projection by a factor
of cos28. Specifically, we have

ro2(t) = yo2(t) + z,2(t) (23)
re2(t) = yc2(t) + z.2(t)
= cos%8 y 2(t) + z52(t) (24)

which shows that re(t) is less than r,(t) except at 6 = 0°. Consequently, the
confinement time T¢ from r¢(T¢)=R is longer than the field-free value T, from
ro(To)=Rye

To obtain T, we set

Ye2(Te) = ye2(Te) + 2z 2(Te) = Ry? (25)
which can be re-expressed as

'Y2

2 = szez - 2uTe*sinwTe* - 2cosBecoswTe
sin<8 coz

2g

+ 2c0828 + sin26°sinwT, (26)

where the dimensionless parameter Y = §2~= 6.34517 x 1072/ ¥n, with Rg = 10cm
and n is beam energy in unit of Mev.

Computer-generated results for T are shown in Figs. 5(a) through 5(h).
It is worth noting that at ® = 45°, T. is about 1.2x1077 sec for beam energies

ranging from 1 to 70 Mev.

1V. ELECTRIC FIELD WITH FRACTIONAL STRENGTH: IMPACT ENERGY.

A field of less-than-optimum strength can be expressed as

Ey = f vy B sind (27)

E; = gvp B sin8*cos28 (28)
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Ex ® -gVp B s1n28:cosb (29)
where both f and g are respectively 0<f<1 and 0<g<l. f and g can be
interpreted as before in Section II, as representing ambient plasma screening
and transient effects.

The resulting (electron) velocity equations are

x(t) = —8vpsinZo+| 1-cos(wt)) + gvy, s1n28+cosb sin(wt) + vh (30)
y(t) = Svyp sinbB-sin(wt) + gvy sinbecosd [l-cos(wt)] (31)
2(t) = SvpsinBecos® [1-cos(wt)] - gvy sin®+cos28+sin(wt) (32)

where we have written § = 1-f,
Integration of Eqs. (31) and (32) gives
y(t) = 86R sin®°*[l-cos(wt)] + gR sinb+cozb*{wt-sinwt)] (33)
z(t) = 8R sinf-cosB°[wt~sinfwt)] - gR sinB+cos26 [1-cos(wt)] (34)
M)
where we have again written o - R, the electron gyroradius.

Now both y and z have secular drift components. The relative electron-

beam velocity components are

Ve = -Gvbsinzell‘cos(wt)] + gvp sin208+cosB gin(wt) (35)
vy = Svpsinfesin(ut) + gvy, sinbecosb+[l~cos(wt)] (36)
vz = dvpsind.cosbe[1~cos(wt)] - gvp sinf-cos28+gin(wt) (37)

Taking the time-average of the above quantities over the confinement time

T, we have the time-averaged relative electron-beam velocity components:

vy> = -6vbsin 8.[1 - %? sin(wT)] + gvyp sinze [1 -cos (wT)] (38)
1
(vy> = 6vbsin26' %? [1-cos(wT)]) + gvpsinBecosd (1l - oT sin(wT)] (39)
7
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(40)

<vp> = SvpsinBecosd 1 - 1—-lin(wT)] - gvbsin6°c0526° %? [l-cos(wT)}

wT

As in our preceeding work, Report 1I, we define the electron-beam "impact

energy" E; as
Ep = 3002 = da [<O2 + <upd? + <32

From Eqs. (38), (39) and (40), we obtain

E; = Eb[(l-f)zsinze + gzsinze'coszelF(T)

where Ep = %-mvbz is the beam energy, l-f = 6 and

F(T) = 2(%?)2[l-cos(wr)] - 2(%T)sin(wT) + 1

More specifically, we rewrite Eq. (42) for three types of electric field

models, namely, zero-field, y-component-only field and optimum field.

(i) Zzero-Field:
We have f = 0 and g = 0

E1o = Ep sinZ6 F(T,)

(ii) Optimum Field:
We have f = ] and g = 1

Egc = Ep s1n26°cos28-F(T,)

(11{) Y-Component-Only Field:

We have g = 0,

Epy = Ep(1-£)2-51n26-F(T¢)

LR - -
2 ftffafn“a‘f:f‘a‘f‘ Ay

(41)

(42)

(43)

(44)

(45)

(46)
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These three equations represent the field models with their corresponding

confinement times, and will be considered in detail in the following section.

V. COMPARISON OF FIELD MODELS AND CONFINEMENT TIMES

. In Report II, the zero-field model is represented by Eq. (40) of Report
11, i.e.,

2
<von?
—b o, sin29{2(l—)2[1-cos(we)] + 1-2(1—)sin(we)}
ve Ve Ve
which can be rewritten as

Ero = Epsin6-F(Ty)

where Ejg = %me<veb>2°, Ep = % mevbz, and Yo = wT;. We have now used the

correct confinement T, (as given by Fig. 6) instead of the approximate

2R,
confinement time Ty = ;;;T;7§'

Let us now compare the two confinement times T, and T,. As pointed out
in Report II, T, is symmetric with respect to 6 = 45°, but is not valid for
6 = 90°. Both T, and T, are infinite as 8 « 0° as they should, however, T,
approaches asymptotically its lowest value at & = 90°, Note that T, is
obtained from Eq. (15) with f = 0, and re-entry of electron into the beam {is
not considered. Therefore, at 8 = 90° and especially for R < Ry, T, is, like
T:, not valid.

For numerical comparison, let R, = 10cm, Ep = 1 MeV and 6 = 45°; we then
get T, = 4.45x1078s and Ty = 1.44x1078s, Note that T, > T, for 6 < 80°.

The result for the optimum field model in Report 11 was given by Eq. (44)

of Report II, which is rewitten in the form

Ere = EpsinZ8-cos6 F(T;).

B I
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Again, in our present result, as given by Eq.(44),

Ejc ~ Epein6-cos8 F(T¢),

we have used the correct confinement time T instead of the approximate T;.

Figs. 5(a) through 5(h) show that T is almost constant with a value of

about 1.25x10"7s for 6 ranging from 45° to 75° and beam energy ranging from

1 MeV to 70 MeV. T¢ increases rapidly as 6 approaches 0° and 90°., For

numerical comparison, we let R, = 10cm, Ep = 1 MeV and 8 = 45°; we then get
Te = 1.25x107s, thus we have T¢ > T, > Ty.

Now we come to the interesting and importand result as represented by Eq.
(45),

Epy = Epl (1-£)Zs1n28| F(Ty).
Note that the "strength" parameter f plays an important role in determining
the value of Ely. Especially for f > 0.9, T¢ increases drastically and, as
expected, is infinite at f = 1. | See Figs. 3(a) through 3(n)].

Again for numerical comparison, we let R, = 10cm, E, = 1 MeV and & = 45°;
we then get Tgap,9 = 1.6 x 10°7s, thus we have Tt=0,9 > Tg > To > Ty

Comparing the impact energies as given by Eqs.(44), (45) and (46), we

have, for R, = 10cm, Ep = 1 MeV and 8 = 45°

n

E1o = Ep sin28°F(To) = (1 MeV)(74=)2(0.2) = 100 Kev,

Eje = Eb°sin26'cosze°F(Tc)

(1 mv)-(,-’r)z-(o.aa) = 120 KeV

Ep(1-£)2:51n26 -F(Tg)

™m
—
<
L]

(1 HeV)'(l-0.9)2(7é')2(0.3) = 1.5 KeV

10
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1t ie worth noting that while the relative impact energies Eyg (for
zero-field) and Eye (for optimum field) are comparable, Ely (for
y-component-only field with f = 0.9) is two orders of magnitudes smaller.
This significant quantitative difference between Ejy and both Ejy and Ep¢ is
brought about by the strength parameter f, and we will discuss the various

consequences resulting from the differences among the three impact energies

Ely, Elo and Elco |
J
Vi. DISCUSSION AND CONCLUSION n
N
We start with the confinement-time-dependent function F(T) as defined by X
[
Eq. (43), x3
1 1 :
F(T) 2(;?)2 [ 1-cos(wT)] -2(;?)sin(wT) +1,
where the confinement time T is set equal to T,, Tg¢ or T¢-in accordance with :
the respective field model [In Report 11, T was set equal to Tu]. .
Writing v = wT, we get -
J
F(v) = 2G)? (1-cosy) -2(Dstnv + 1, (43') !
which is graphically represented by Figs. 7(a) and (b). Note that F(y) is an 3
A
oscillating function with decreasing amplitude and approaches unity as y =+ =, '
“
It has a maximum value of 1.6 at ¥ = 4,2, and approaches zero as y = 0. ‘
Ly
In terms of the confinement time T, we have F(T) + | as T + =, Since we 3
o
have assumed & value of 5x1077 Tesla for the geomagnetic field throughout our
A
work, we get w = 8.78x10% rad/sec. Thus, F is maximum at T = 4.78x10"7 sec. e
For ¥ = 0.0878 or T = 1078 sec, we have the following approximate version of :
Eq. (43'): X
,
l 11 P
F(T) = 7‘-(..»1)2 (43") .
.
’
(
1 E
>
f
:‘
[ )
N
)
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Rewriting Eqs. (44) and (45) of Report 1I, together with Eqs. (44), (45)

and (46), we have

E'yo = Ep 81n28-F(T;) (44*)
Ejo = Ep 8in28°F(T,) (44)
E; = Ep 81n28-cos20 F(T;) (45%) .
Ege = Ep 81n26°cos20 F(T¢) (45)
Ery = Ep (1-£)2°sin26° F(T¢) (46)

For the zero-field and the optimum field models, we have used the
corresponding "correct” confinement times T, and T¢ instead ofthe approximate
confinement time T; as was done in Report 1I.

As shown by Fig. (6), T, approaches a lowest value at 6 = 90°, and
increases at decreasing ® and is infinite at 6 = 00 while T; has a minimuc at
8 = 450, i{s symmetric with respect to & = 45°, and diverges at 6 = 0° (90°),
Figs 5(a) to 5(h) show that T, diverges at both ends, is approximately linear
with slightly lower value at lower range of 8, and can be regarded as

qualitatively similar to Ty.

The interesting new result obtains from the y-component-only field model
8s represented by Eq. (46) and is discussed below.

First of all, it should be noted that all the confinement times, T,, T,,
Te and T¢ are not rigorously valid at 8 = 90°, because re-entry of electron
into the beam path is not taken into account. Therefore, if we exclude large
©, all the T's are qualitatively similar, even though we have T¢ (with
£ >0.9)>Tg > Ty > Ty. It is worth mentioning that all the T's decrease

very slowly with energy above 5 Mev.

o
'3
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n
q
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v
W
3
!

Because of factor (1-£)2 in Eq. (46), Ejy is at least two orders of

magnitude smaller than the other confinement times if f is assumed to be > 0.9.

Therefore, Ely results in a comparatively larger ionization cross section, as
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indicated by the energy versus cross section curve [See Fig. 8 of Report II.]
Especially at small 6 (0 < 10°), we have larger T¢, and also larger ¢ because
2
of factor 8in°® in Ejy.
Regarding T¢ and 0 (respectively, the collision time and collision cross
. section), we can offer a semi-quantative argument in favor of the

y-component-only field model in terms of the relation

where T is the time between collisions, n is concentration per cm3, v Is the
beam velocity, and nv = J is the beam current density.
with J = 1a/cm?, & = 10”16cn2, we have T = 10"3sec, which is a rather

long time. However, for f » 0.95, 6 < 10°, and especially with Ej € 1 MeV,

we obtain a confinement time T¢ cowmparable to 7.
Another physical consideration, also in favor of the y-component-only
field model is the following. The time scale of beam operation is probabdbly too

short for the build-up of "optimum" space~change field as described in Report

11; thus, a partial (f < 1) y-component-only field is a more likely
possibility. 1In fact, y-component-only polarization field was suggested and
observed [see Ref. 3 of Report 11.)

In conclusion, we can say that our present work suggests that the partial
y-component-only field model is a physically more reasonable, and thus, 1is a
more likely physical mechanism involved in the self-stripping. Conversely, if
the actual polarization field corresponds to the partisl y-component-only

- field wodel, as studied here, we can expect the self-stripping process to be

significantly enhanced.

13
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