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VI. MIRROR MACHINES AND HIGH ENERGY INJECTION

As was pbinted out in Chap. IV, the essential starting problem of
the Sherwood program is the question of what to do with the ends of the
magnetic field lines. The Princeton approach is to wrap the field into e
figure-eight geometry. An alternative}solution was proposed by R. F. Post
late in 1951. His suggestion was to maintain the linear uniform field
'produeed by a solenoidal winding, but to cap off the ends by use of the
magnetic mirror principle. A major part of the Sherwood research at Livermore
is devoted to an investigetien of the feasibility of this method.

The features of the proposed Livermore devices will be.discussed»in
this chapter. 40ne of the mest interesting suggestions was that the startipg
point of the machine be the injection of a hot plasma from an ion source,
rather than startlng with a cold gas and then heating thls to thermonuclear
temperatures. A substantial part of the Sherwood project at the Qsk Rldge
NationalALaboratory is devoted to research and development relating to high
current, high energy ion sources° Aﬁ interesting alterﬁative is to use
these ion sources with basic plasms experiments, rather than gadgets, in
mind. There is alﬁays the possibility'of‘growing a hot Pplasma (thch has
.hot yet been done), even @hoﬁgh'it be for a short time, and studying its
behe.vior° These considerations will be discussediin the section entitled

"High Energy Injection."




Magnetic Mirrors

The magnetic mirror principle is an old and well known phenomenon. It
refers to the fact that chérged particles‘yhich are moving in a magnetic
field tend to be reflected from regions of higher-than-average field. It

was shown .in Chapter V [ﬁq. (5.43)] that a particle moves in a magnetic field
sd as to keep 1its magnetic moment u a constant. Thus

R o= E%h- = constant. (6.12
The magnetic moment may be expected to be a constant under adisbatic éondi--_
tions. That is, when the magnetic field varies slowly in time compared to:
‘the Larmor frequency and varies slowly in space over a distance of the order
oflthe Larﬁor radius. Hence the name of "adiabatic iqvariant" for the magnetic
moment. It has recently been reported that M. D. Kruskal has proven fhat the
magnetic moment is indeed a constant tolgil orders of a perturbation expansion
~of the particle e@ﬁations of motion.

Equation (6.1) may be used to illustrate the means by which a mirror

reflects a particle:. Consider the situation shown in Fig. 6.1. In the

—{-~t-4-1-

1

B | ' B,
Fig. 6.1. Reflection by a Magnetic Mirror
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region to the left, the magnetic field is uniform and has the magnitude Bo.‘
The field increases on the right hand side to & meximum value denoted by B;.
Consider a cliarged particle in the left hand region whose velocity vector is

K

at an angle 30 to the field axis. Thus its velocity toward the mirror re-

gion is

v, =V cosf,
and its perpendicular velocity is

v, =V sineo°

Since the force upon a moving charged particle in a magnetic field is
at right angles to the particle motion, no work can be done. Hence the total

kinetic energy of the particle must be conserved. Thus

1 L_ o
—mv,< + = mv = =—mv® = constant. 6.2)
2 " 2 L 2 . (

Furthermore, by Eq. (6.1), the magnetic moment will be invariant. Hence

mv, 2 mvoe mv? ‘
.. == - = sin20, (6.3)
B ’ BO Bo ..

Divide Eq. (6.2) by the quantity B and substitute from Eq. (6.3). The fol-

lowing ‘result is obtained:

ey
=

v2  v&  +2 sine,
B B



Hence

v,2 = v (1 - I sina,). (6.4)
. (o) " . .

o]

It is clear from this result that the component of velocity along the field
lines will decrease as the particle épproaches the mirror region of higher
field strength. In fact, the parallel velocity will go to zero, and hence the
particle will bé refleéted, if the initial angle is large enough. Since

the maximum field valug in'the mirror region is By, one can immediately write
a critical equaéion.for reflection;

. B
sin26c = =2 . (6.5)
C. By o

Any particle withﬂan‘inifial velocity vector which is ét an angle to the
_fiéld direction which is sméller than 6, will escaﬁe through the mirror.
Those with initial’%elociﬁ& angles which are greater than 6, will be re-.
flécted from theAmirror. Finally, if the morror ratio R is defined as the
ratio of %he‘field.in thefmirror t§ that in the uniform region, this result

becomes

(6.6)

sinb, =

%\

A conceivable Mirror Machine will, of course, have mirrors at both ends

as shown in Fig. 6.2.




Fig. 6.2. The Mirror Machine

Diffusion Loss Through a Mirror

The most‘importanﬁ quantity which is required for a discussion of the
mirror machine is an estimate of thé.loss fate by diffusion through the mir-
~rors° Upon theiintroduction of a hot plasma into a mirror machine, there will
be the almost immediate loss of those partiéles whose velocity vectors lie
‘ in the two escape cones defined by the angle 6, to the field axis. The
resulting populétioﬁ in véipcity space will be entirely depleted of velocities
lying in this escape cone. The remaining partiéles will not remain trapped
in the machine indefinitely, ioﬁing to coulomb collisions, particles will
sometimes acguire a new velocity after a collision which lies in the escape
cone. As a result the particle will be lost. (It is assumed here that the
mean free path is very ;ong“compared to the diﬁensions of the machine. This
will almost cergginiy'be'éof) This diffusion in velocity space represents
the most serious drain of particles and energy from the system and will be

calculated in the next paragraph°

.
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‘Assuming no spatial idependance of the particle density, the loss rate

becomes:

-— ovP ;(6"‘7)

where ov is the céulomb collision rate for 90 deg scatte;ing by multiple
collisions and P is the probability of scattering into the escape cone. dJust
as in Chapt. V, the escape probability may be crudely estimated as the ratio
of the surface area subtended by the escape cone on a unif sphere to the area
of the entire sphére. -The only difference between the two cases is that the
escape area is a poiar cap on each end of - the sphere, thle it was an ahnular

region (see Fig.'s.k) in the case of the Stellarator. The probability P is -

now:
6c
2x % sine de
. 0 -
P = = 1 - cosec,
2n
or by Eq. (6.6),
. 1
P=1-/1-2. (6.8)
For a large mirror ratio, this becomes
)
P = =, (6.9)
2R A

Numerical estimates of the'containment time are easily obtained.

o

Eq. (6.7) may be written,



2
n .o n —
t 2 (ov) &,

where t is the mean containment time. Hence

t ¥ —2, ' (6.10)
n ovep

Assume that n 3"1015 and E = 10 kev. The éorresponding coulomb cross
section for scattering through 90 deg by small angle collisions was Shown to
be 3000 barns, in Chapter II. Hence

2
(10%%)(3.2072Y) (20%)p

= -303 - | (10 kev) (6.11)

Now, by Eq. (6.8), the following values of P correspond to mirror ratios of

2 and'§, respectively.

uy

P 0.3 ' R = 2

< o.1 S "R = 5 (6.12)

Hence, the corfeépoqding containment times becomes :

t .022 sec : R = 2

= ,067 sec R = 5 ‘ - (6.13)

RS

g

\.‘ ~\> .



SECRET

8-

The containment time for both mirror fatios is inadequate. Furthermore,
mirror ratios larger than 5 are nrobably unrealistic in an actual gadget.
The trouble is that the mirror is quite leaky compared to s Stellarator, for
example. This may be seen by comparing the escape probabilities of Eq. (6,12)
with the corresponding value for & Model D Stellarator [eee Eq. (5.17)] .
Recent calculations by D. Judd et al, to be described in.the next paragraph,
have yielded even more pessimistic estimates for thevcontainment time. Hence,
thinking on the mirror project has been confined to plasma energies in the -
region of 100 kev rathersthan 10 kev. In this region, the coulomb cross
section is reduced by a factor of 100 although the particle velocities are
increased by /10 . Furthermore, the particle density is reduced to 101“
for fixed value of the magnetic pressure [%ee Eq. (2.20) and following

discussioni]. Hence the hew containment time estimate becomes:

b - . 2
(101*)(3.10723)(3.3.108)pP
241":. " ;~ e .
=P .. (@56 kev). (6.14)
Thus,
t = 6.7 sec - v R = 2
= 20 sec A R = §5 . | (6015).,

It should be noted that the nuclear reaction time for the D-T reaction is
only slightly changed from its value at 10 kev. Although the D-T reaction

rate is increased by a factor of eight over its value at 10 kev (see Table .2.1.),




the particle density is reduced by a factor of 10. Hence, the nuclear time
is only slightly changed and the mirror containment is now entirely ade;uate.
The containment times for a pure D-D reactor are the same as in the
D-T case. It is clear that the containment at 10 kev is entirely‘inadequate
for the D-D rea.ctien [seeEq (2‘.22)} . However, at 100 ke%f, the D-D re-
.action cross sectlen has increased over its value at lO kev by a factor‘of
35!(see Table 2.1);. ﬁence.the maximum desired conteinnent§¥iﬁe is now dbout
3 sec rather than lblsec ‘Thus, from Eq. (6.15), it is conceivable that a
mirror machine could .operate on the D-D reaction at 100 kev ‘
Previous reference has already been made to the 1mprovee calculation of

mlrror losses by Judd MacDonald and Rosenbluth9 The startlng point for

thls calculation 1s the spatially independent Boltzmann equation

da o

PR

gl_ = (fofl - fofl) v & 4 | (6.16)

where f_is.the distribuflpn function in velocity spece and where ddVdflls the
}Rutherford differential cross section. The velocity vector is denoted by

E; and v is the relative velocity of collision. Since the coulomb scattering

e

1s predomlnantly small angle scattering, the integrand may be expanded in a

S —

Taylor series in the vector increments of velocity Sc = Cp - Co and
5cl = Ei - 61 Mirror losses are incorporated into the equation by assuming

that particles whose velocity angles fall within the escape cone-are im-

mediately lost from the system. This leads to the boundary condition

£(c2,8) = 0 (6.17)
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where 6, is the critical.angle. It is also assumed in the derivation that

the distribution function is'factorable, as fqllows,
£(c2,0,t) = h(c?,t) glcoss), -

and that g(cos6) is nearly isotropic outside of the escape cone. The re-

sulting expression for the %arficlé loss rate is:

, W — .
dn o~ phxo et (L1 " ~
& - "3 2 <v)(v2) Mo Ja (sinem - (618)

where 6, is the minimum scattering»angle in the laboratory system, m is the

ion mass and

ro T —E— (6.19)
logijo R .
Héré R is the mirror ratio. The bars over the expressions in Eq. (6.18)
“denote thg averages over the ion velocity distribution.
It is instructive to ;ompafe‘the result of Eq. (6.18) with the crude |
calculation illustrated by Egs. (6.7) and (6.8). If Eq. (2.9) is substituted -

for the coulomb cross section, this result becomes:

2 y [ b
dn n¢ e 1 max (6,20)

- = 4= 2qg —

at 2 m2 |v3 bmin

Comparing this with Eq. (6,18),vone sees that the scattering probsbility P

has been replaced by -

(6.21)
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The érguments of the log terms have been assumed comparable and the product of
~ the averages has been taken equal to the average of the product. By

Eq. (6.12), it is seen that ithe loss rate is increased by the following

factors
P 7upp k.5
= = 15 R = 2
P .3
1.9. _
= o1 ° 19 R =5 | (6.22)

These factors are very likely over-estimates of the actual effect. For one
thing, the assumption of near isotropy of the angular distrlbution of velocity"
vectors can be expected to give an overly large loss rate,-singe the population
would be depleted near the escape cone in the gctual situation. |
There is an additional loss mechanism which may be'of importance. This is
the possibility of ambipolar effects since .the electrons, owing to their
'higher velocity, diffuse more rapidly through the mirrors. The resulting
space charge would result in an electric field which could conceivably enhance
the loss rate of ions from the system. This effect, if important, canlbe
minimized by décreasing the electron temperature. It will be seen in the
next section that a lag in electron temperature may-be expected ip normal
operétion. Calculations of ambipolar effects are now in progress at Livermore.

Description of the ‘Proposed Device

The following sequence of operations areproposed for a possible mirror

machine:
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1. High energy injection and trapping.

‘2. Radial compression and heating.

3. Axial compression and~heating.;

4. Reaction and Randomizing.'

5 Decompréssion.

These features will be discussed individually.

The original»plané7for the mirror maéhine called for a beam of high
energy deuterons (or tritons) to be injected through the mirrors as the first
stage of its cyclic operation. It is clear that a directed beam of particles
.whose velocity vector is at an angle to the field direction which 1is less
than the critical angle will pass right through the mirror. These particles
will continue right on out of the other mirrof unless something is done in
the interim which.results in their being trapped in the device. Several
schemes for this trapping exist. o

Onie possibility is a uniform increaée of the entire magnetic field during
the injection process. As a consequence of the adisbatic invariance of the
magnetic moment |see Eq.“(6.l)] , an increase in field strength increases
the energy in the perpendicular'motion and effectively increases the angle
between the velocity vector and the field axis. If the field rises rapidly
enough, trapping will result. An alternative scheme is one.in which the
mirror field grows;in time, but the main field remains constant. Yet another
possibility is to apply an RF field in resonance with the inJjected particles
so as to increase the energy in the perpendicular motion. This last scheme

would be severely limited by the prdblgg\if~penetration of RF into a plasma.

\:
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The main difficulty with these original schemes is the inability of
presently achievable ion sources to inject a sufficient quantity of plasma
into the device during the time available. As a result, thinking has turned
to the use of radial injection by either high energy neutral beams or molecular
beams into the device. These feat;res_will be discussed in the section on
high energy injection.

The second stage in the operation wouid be an increaseyin the magnetic
field of the system throughout the length of the device.  As was shown in
Eq...(5.44), the square of ‘the radius of the plasma varies inversely as the
. magnetic field. Hence, the plasma is radially squeezed and heated. The
third step.is a siﬁilar squée;ing‘and heatihg but in the axial direction.-
This is accompiished by moving the magnetic mirrors toward each other. This
mirror motion may be,achieved either by mechanical or electrical means.

During and after the injection and compression; the plasma will become
randomized through the mechanism of the .coulomb collisions. At the saﬁg
time nuclear reactions will oceur. As.fhe final stage of operation, the
plasma is allowed to expand‘back out against thé fields and as a result
work is done on the field coils. This scheme co@stitutes a form of direct
conversion of thermal energy into electrical power.

Iet us consider some of the advantages and disadvantages of a mirror
machine. One of the first advantages is the absgnce of drift effects, such
as are found in the Stellarator, which tend to lead particles out of the 0
device. Hence, it is unnecessary to devise. such unproven features as scallops

and figuré-eights. This has an immediate consequence that it is nqt necessary

i
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to build a device which must produce enormous blocks of power in order to
be economically successful. This could be a very important advantage. A

" third feature is that hot ion injection eliminates the problems associated
with heatihg of an initially cold plasma. A foﬁrth advantage is the natural
way in which the sequence of operations lends {tself to direct conversion of
thermal energy to eiectrical energy.

Amon'g the disadvaﬁtagés,'perhaps the most minor is the cyclic operation
of the device compared to the steady state operation at Princeton. This
usually results in poorer efficiency of operation. More serious is the
problem of injecting.sufficient plasma into the device; Present sources will
not work for injection through the.mirrors and, as will be'§hown in a later
section, they gvenVlook marginal for radial injection. In addition, the
economi§§ afégsoméﬁhat poorer. The fact that a particle enefgy of 100 kev |
vis‘beiné‘ugedﬂmeans that the particle density must be reduced to 101“. As a
result the specific'energy yigld in the'ﬁlasma is reduced. The economic
factofs will be further’discussed'in the next section.

Before turning to this subject, it would be quite usefui to point out
the main reason for having an axial aﬁd radial cémpression of the plasma.
The ions are injected with over lOOIkév energy and therefore would end up
near this temperature after tﬁermaiizing were it not for the presence of cold
electrons. These electrons will come with the beam, somehow, in order that
enormous space. charges do not develop . The cross section for eneréy
loss to these cold electrons is,énormous, as was pointed out in Chapt. II.

If the initidl electron density is 101h and the temperature is taken to be

A N



W

-15-

100 volts, R. F. Post has calculatedlh that the deuterons would begin to-

lose energy exponentially with a half life -t = 5 x 1o;h seé. This would
represent a disastrous: rate of loss from the ions were it not for the fgct

that the electron: sink is a finite one. As eﬁergy is drained from the deuterons-
it goes into the electrons with a subsequent rise in electron temperature.
The purpose of the axial and radial compression is to feed energy into the
deuterons so aé to compensate for the electron drain.

As the electron fémperature rises, .the energy tra@sfer fate drops off
as T3/2. ThusAat Te = 1 kev, the g-folding time is now t = 1.5 x 1072 sec,
while the ion energy is now 99.9 kev. The e-folding time for energy input
from the compression is df the order of the rise time of the magnetic field.
-Since this will be of the order of lO-v'2 sec or lesg, the céﬁéressien will
. control the deuteron energy almost iméediately.-

The final electron temperature will not be equal to 100 kev. Owing to
the greater bremsstrahlung of the éleétrons,ZTP *'m_3/2, see Eq. (2.5)]
the final electron temperature will sit considerably below that of the ions,

and in the neighborhood of 20-50 kev.

Some Economic Considerations

Many of the economic considerations are entirely similar to those already
discussed in connection with the;Sﬁellarator. An expression for the magnet
power is given by Eq. (5.59). Assuming B = 30 kg, s = 0.5 and the outer

radius of the copper coil as twice the inner radius, re/rl = 2 and

14, R. F. Post, Sixteen lectures on Controlled Thermonuclear Reactions,
UCRL-4231 (Feb., 195%4).




Py = 11 kw/cm. (6.23)

Similarly, the nuclear yield is given by Eq. (5.62). At kT = 100 kev,

&)y = 8x 10716,

and

P

Py = 0.0k BgRe.kw/cm, (6-2h)

where R is the radius of the reaction tube and an electron temperature of
50 kev has been assumed. Assume that 30% of the nuclear power is recoverable
and that 50% of this amount will be used to operate the magnet. Thus it is

necessary that
(9;3)(0.5)PN = Py
and hence
B2R2. = 1800 (6.25)

If B is equal to its maximum poséible_value of unity, the minimum working

radius is
R = 43 cm. 4 (6.26)

The thermal power generated per unit length is T2 kw/cm and the salable power

15% of this whiéh‘is 11 kw/cm or about 1 megawatt/meter. This is a factor of

ﬁhit\iingth of the Stellarator.

3 less than the éalable power per
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There may be a strong incentive to work with-as small a:value of B as
possible. A maximum reasonable value of R may be determined by considering

capital costs. The total weight 6f Cu per cm is

- . 2 _ 2
W o= :t(r2 r) ) sd

where 4 is the density of copper. Assuming as before that the space factor

s = 0.5, that ry/r; = 2 and that d = 8.9, this becomes
"W = L2 R® gm/cm.

If it is assumed that the cast of the copper is $1 per pound installed, the

capital investment in copper becomes:
¢ % 0.1 R® dollars/cm. (6.27)

A reasonable capital investment: cost is $200 per kilowatt of salable electric

power. Hence, it 1s desired that

0.1 R 500
11
or
R < 150 cm. (6.28)

Upon substituting this value in Eq. (6.25), it is seen that the minimum
. possible value of B 1s about 0.3. Hence, it will not be possible to operate

with values of B appreciably smaller than unity.
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- Actually the ecdﬁomic'situation is somewhat worse than sketched above.
It has been assumed that'the~only losses are in the field windings. As has
already been mentioned, the thermal investment 1n iOO kev particles is not
negligible and should be inclﬁded ;p the accounting. Assuming that particles
must be supplied at a rate equal to their loss through the mirrors, the input
power méy be written as

P Ez-o?nRzEP - (6.29)
FUEL 2 % ’ | O

e

where n is the number of ions (including both tritons and deuterons), ov is
the coulomb scattering rate, E the input thermal energy, and P the probability
of loss through a mirror aftéf a 90 deg deflection. Now, taking the,electron

temperature as 50 kw,

and hence Eq. (6.29) may be written as

— L.
~ (s¥) EB
Py, S (L EB P 622  (6.30)
900 (kT)2
As before, choose B = 30 kg and kT = 100 kg. Now, E = 3/2 kT and at 100 kev,

6 = 30 barns and v = 3.3 x 108 cﬁ/sec; Hence

Prugr, = -0085 P B°R® lov/cm.

Now, using the most pessimistic values of the escape probability, which are

-given in Eq. (6.22) one finds that
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Ppypr, = -O4 B°R® kw/cm R =2
¥ .016 p%R° R =5

Hence, the thermal fuel investment is as large as the nuclear energy yield
for a mirror ratio of 2 and is disturbingly close even for R = 5. These
results were first noticed by Bing, Judd, McDonald, and Rosen‘blu‘t:h]'5 who
| performed a more careful calculation. It should be remembéred that the end
loss calculations of Judd et al. may be overly pessimistic. However, it
seems clear that the ecénomic balance is tigﬁter for the mirror'méchine than
it appears to be for the Stellarator. Since the ratio of nuclear yield to
power input in fuel varies as /EE-CE;spT, improvement may be cobtained b& |
going to high temperatures. In this case, larger radii'yill be .necessary to
keep the magnet power ratio favorsble. |

High Energy Injection

Consider the problem of injection through the mirrors. Suppose that a
-battery of ion sources are lined up, shoulder to shoulder, filling the cross
sectionél area of the machine Jjust outside of the mirror ahd pointed into the
device. Now tﬁere have been ion sources deﬁeloped at Oak Ridge which yield .-
currents of the order of 2 ‘amps. per Squafe inch. Assume then, that as a
result of the stacking, an éverage overall input current of about 1/2 amp
per square inch can be achieved. Assume further, for the moment, that

every ion which 1s injected is trapped and that the injection time T is of the

15. G. Bing;?étfdl} Some’ Calculations of Eﬁd Losses in Mirror Machines,

— — .

published In "Conference on Controlled Thermonuclear Reactions,”
Princeton’ University, TID-7503 (Feb., 1956).
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order of -1 millisecond. Then, if L is the distance between mirrors, the final

ion density n becomes,

IT

n = =—— 6.31
ol (6.51)
where I is the source current. Now
I = L amps/in.? = .08 amps/%ma
2

Va'd
= 5 x 107 ions/cm® sec

Assuming L = 5 meters, one finds

17 10-3
z 2x 100 1077 _ 4512 o3,

n
5 x 102

The final density is still a factor of 100 smaller than required for the -
Qperating state. Héwever, magnetié comprgssion will raise this value and
improvemenf coﬁld aléo be achieved by'pushing the injection time up somewhat.
Altﬁough the final density is uncdmforfably small,vthis‘is not the real dif-
ficulty with injection through ﬁhe x‘niffors° The more essential diffiéulty
ié the total'field rise which must be achieved if trapping is to occur. This
will be calculated in the next paragraph. '

Consider trapping by means of a uniform rise of field strength over the
entire length of the mirror machine. Suppose that the ions are injected at
an angle 90 which diffefs bj only a sﬁall aﬁount 5 from the critical angle

6.. This is iilustrated in Fig. 6.3. -Here the dotted lines represent the

° s



regions of maximum field strength in the two mirfors. Suppose that the

field strength at 1 and 2 at the time of injection is denoted by B, and
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- Fig. 6.3. Injection and Trapping
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that this quantity has risen to the value B by the time that the ion reaches

the region of 2. Since

sing = =,
v

it is clesr from Eq. (6.3) that the new angle is

equal to or largér than the critical angle. Hence

or

B sin6, sin6,

S: " sinf, sin(6, - &)
B .- '

5. = 1+ & cotf, + .....

(6.32)

(6.33)

In order that trapping occur, it is necessary that this final angle be

- (6.34)
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Now the time interval for traversal of the device from region-1 to region 2

is
L ~ L
T = ——— = — . (6.35)
v cosb, v cosf, .
Hence the final field B is,
'AA" L .
B-B, = B —— (6.36)
: v cosf, :

where B is the rate of change of magnetic field. Egq. (6.34) may be rewritten

as
TRz 28 coto,, (6.34)
By Soer )
and Eq. (6.36) as
B B L
‘Bg = 1+ E; v cosb, ° (6.38)

_Combining Eqs. (6.37) and (6.38) yields the condition

. . 5
B 2v cos“6, g (6.39)
Bo - L sin6, '

Finally, by use of Eq. (6.6) this condition may be written as

B ~Y2v R-1
F = = o § | | (6.10)

The beam.from an ion source has an inherent angular spread which one’

finds very difficult to reduce below a few degrees. Hence the quantity S
: ny
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can probably be made no smaller than about 0.1 radians. Assuming a mirror

ratio of 4 and a length of 5 meters, one obtains

B o 3(3.3 % 10°) (0.1) = 2x 10°
B 5x 10
Integrating, this yields
%102 .
B(t) = B(o) e(® % 17N (6.41)

Equation (6.&1).indicates that efterva millisecond, the fieldlmust have in-
creased ever its initial,value by the enormous factor exp(200). Since theA
initial field value can hardly be less than about 2 kg (the Larmor rediue of
a 100 kev deuteron:in a field of 2 kg is 30 cm) it is clear fhat this rise is
impossible. In fact, since final fields‘of the order of 40 kg are about a
reasonsble limit it is clear that the total increase must be a faetbr of
20 (=e3) or less. This would limit B/B to a value of 3 x 107 or less. Since
thls linmit dis a factor of T0 less than required for complete trapping, one
' would expect only about 1/70 of the ions to be trapped by the maximum field
rise which can be maintained Hence, injection thrpugh the mirrors has been
ildlscarded

One possible scheme for injection is to use the method of molecular ion
5reakup suggested indenendenfly bledhn Luce at ORNL, and H. York at Berkeley.
This technique is illustrated in Fig. 6.h4. ‘A beam ofepigh energy Dzﬁ'ions
are projected across a magnetic fieid. The molecule is then dissociated. |

into an atomic ion and a neutral atom near the extremity of the orbit. The
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Fig. 6.4, Molecular Ion Breakup

resulting ion has about hélf the momentum.of the molecule, half the Larmor
radius and hence is trapped inside.the field. The actual breakup in a Sherwood
device would be caused by the plasms. The present experimental.investigations
of "this method a¢hievebbréakup by means of a carbon arcl6 which is in the
diréction of the magnetic field and which intersects the molecular beam at

a localized point. .

The:advanféges'of molecular injection are first that injection may be
accomplished radially afound'the mifror machine rather than through‘the
mirror. This allows more area for the ion sources. More importantly, little
or no field rise is required for trapping. Perhaps the main objection to
this method is the fact that the ions are deposited only 1 Larmor radius from
the walls. This could lead to'éerious diffusion losses ‘and sputtering,

and hence some magnetic compression will be necessary. Plans are now under

. way at Oak Ridge to combine the features of molecular injection, arc

6. J. S. Luce, Ionization and Dissociation of Energetic Ions by a Carbon
Discharge, ORNL-2219 (Nov., 1956) '
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- breakup and magnetic mirrors into a small device which might enable one to.

grow a low density but high1tempenature plasma. - The proposed device is called

~ the DCX and would be used to investigate the physics of hot plasmas.
Two altennative radial injection schemes involve energetic neutral

injection17 and trapping ef energetic particles by time-rising fieldso18

The first scheme is one in which D* ions would be accelerated to about 100 kev

in a conventional accelefator,'then are sent through a gas target from which

about half the ions emerge neutral,with very little scattering or energy

loss. Thevneutral beam would then croes into the maénetic field and would be

ionized and trapped by colliding with the plasma ions. In the second scheme;

: fleld rise tlmes are still a problem, although not as bad as in the case of

mirror 1n3ectlon since particles can be injected with a very small component

of velocity in the field direction. Both methods are being investigated at

leermore | A

Survey of Experimental Program

A listing of the,experimental-devices at Livermere is given below.
A very brief description of the apperatus and some of the reported resulte
are included. This table is based on Sherwood Conference reports, which are
iarticularly sketchy. on these pointst

Taeble Top I. This device is a mirror machine utilizing pulsed magnetic

fields. The peak mirror field is near 30 kg with a mirror ratio R ad justable

17, E. J. Lauer, Energetlc ‘Neutral Injectlon Into Thermonuclear Machines,
UCRL-4554 (Aug., 1955).

18. Ww. I. Linlor, High Energy Peripheral InJectlon Into Mirror Machines,
UCRL-4569 (Sept., 1955).
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from 2:1 to k:1. The:field riseés in»600’ps and decays in 10 milliseconds.
The device has a 6 in. ID and a length of Lk in.

Injection is by means of a deuterium loaded titanium spark source. This
"hydride" source is of about 10 js duration énd delivéfs a plasme with energies
in the range of 5 to 10 ev. Theée‘energies‘have been determined by time of
flight and probe techniques.

The purpose of this experimentvis'to observe trapping and compression
by time ‘nising fields. COntginment #imes of BOO-hOOIps have been reported.
These times are comparable té the theofeticél mirror containment times de-
termined by Judd-et al.?

Table Top ;l. This'deviCe has.é somewhat larger peak mirror field than
Table Top I aﬁd in addifion,ihas a DC field for initial trapping of the
plasma. The peak mirror field is 36 kg with a mirror ratio. of 2:1. The
DC field has a mirror value of 600 gauss and‘also has a mirror ratio of 2:1.
The field rises in 650 Ps and deéays-in 30 milliseconds. The device has a
6 in. ID and a length of 50 in. |

Injectibn is from a "hy@ride":source. A base pressure of 10'6 mm Hg
has been used. 'Prdbe méasurements iﬁdiéaté that a plasma having an electron
density of 1012 has been contained for a timelof 200-300/}:5° There is evidence
that the plasma is'compressed by the rising magnetic field,‘lsoft X-rays
having energies up to 20-kév appear for the duration of the .containment.

In addition, hard x-rays having enérgies‘up to 100 kev persist for much
‘longer times. The hard x-rays are beiiéved due to high»epergy electrons

striking the walls after the gontainment is over.




o7

Toy Top. Top Top has a peak mirror field of 250 kg with an R\= 2:1.
There is also trapping by a‘small DC field which may vary from 50-500 gauss
with an R = 5:1.A The field rises in 2OO‘PS and decayse in 3 milliseconds.
The device is qhite small, 2 in. ID and a 12 in. iength. The base pressure
is about 107! mm Hg.

Observations have been made for field'cqmpressions ranging ffom a factor
of 500 to 1300. In theory, this cquld.lead fo final energiés of 2.5 to
6.5 kev for the plasma, which is provided by a hydride source. There is no
good evidence for this temperature. Containment'times of 3 milliseconds
have been observed. Fast electfonsiare_seen, aslwell as‘x-raysfin the range
from 10 to 260 kev. ' N

Q~-Cumber E.A This is a DCﬁmachine having a central field of'from 50-200
gauss. The mirrors have a maximum field of 3 kg and are individually variable.
The diameter of the glass envelope is 6 in. The glass is coated with silvér
paint. ‘Thévplésma source is of the usual hydride type.

Since there is'no compression of an initially cold source, this device
is intended only to study the behavior of a cold plasma. The very low initial
fieLds make pos51ble the attainment of a high B with relatively low ion
energy and density. In addition, the varisble mirror ratios allow a study
- of the efficienéy of mirror trépping. Another interest is in the diffusion
rate of charged particles acrqss'the magnetic field.

Results so far indicate quite clearly that mirrors are effective in the
containment of a plaSﬁa." In addition, the diffusion rate is much lower than

predicted by the Bohm formula (see Chapt. IX).
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Q-Cunber- II. In order to take full advantege of lewer initial fields, it
is advisable to use as large a fube radius as,possible; Q-Cumber II has an
18 in. ID which narrows to h‘in.,af the ends. The central field is 25 gauss.
‘ Conﬁainment times of.1.5 to 2 milliseconds have been oBserved.. AB=
has been obtained. However, the neutfel gas baékground Qas sO large as to
obscure interpretation of the containment. (The motivation in seeking a high
value of B is to look for the'instabilities which are expected to be present
for B close to unity.)

Squagsh I. So named after its size whiéh, in iength at least, is as big
as a squash court. The device is to have a 12 in. ID and a length of 18 ft
and is to stand with its axis verficel.i In a sense this device plays the same
role for Livermore thaf Model C does. for the Princeton group. That is, it is
intermediate in siée between the table top modelé'and a power producer. As
such, work has been temporarily shelved on this device until questions of
stability, as well as adequate injection sourees;'are resolved.

The peak mirror field is to'Be ebout 804kg wifh aﬁ R of 2:1. The rise
time is to be from 5 to 10 miliiseeonds with a 200 millisecond decay rate.
The . total energy in the condenser bank is to.be'lO7 joules. There is to be
both axial and radial compressibn° |

Saturn. This device has an equatorial ring source located on the median
plane between two solenoid: coils Qhose length is small compafed to the coil
radius. The source is located such that ¢, the flux enclosed, is given

2

by ¢ < Eﬂ r H The quantlty r, in thls betatron condltion, is the source

radius and H is the field at“the source. If this condition is satisfied,

the emitted particles will be accels ed toward the center.
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The device'has'two sdlenoidAcoiIs of 12 in. ID iocatédHLQ in. épért.
Thé center fiéld is 6060 gauss wifh an‘R = 1.5. The source'is‘a usual
hydride one,'and the field'rises ip 7Q pé and decgys in 9OQ}HL An electron
density of 1013 is contained for about 700 ps- Compreésion of the plasma

is observed and there is some indication of a final temperature of 50 ev.
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