MN ]
MASTER ‘

PREPRINT UCRL-5040k

- (’—}(/‘)n?f :Z,Z/QJ

Lawrence Livermore Laboratory

NEUTRAL BEAM REQUIREMENTS FOR MIRROR REACTORS

Ralph W. Mpir

December 1, 1977

This paper was prepared for publication in the Proceedings of the
Plasma Heating Development Requirements Workshop,
Gaithersburg, MD. Oecember 5-7, 19277.

C ]

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be made
before publication, this preprint is made available with the understanding that it will not be cited or reproduced
without the permission of the author.

-I

7l
3

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



A _F HOTICK >

copy to permit ihe broades
abllity. -

NEUTRAL BEAM REQUIREMENTS TOR MIRROR REACTORS<

Ralph W. Moir

lawrence Livermore Laboratory
Univerisity of California

Livermore, CA 94550

December 1, 1977

ABSTRACT

The neutral beam requirements for mirror reactors as presently envisioned
are 200 keV for the Field Reversed Mirror (FRM} and 1290 kev for the Tandem
Mirror (TMR}. The hybrid version of the Standard Mirror, FP4 and TMR require
100-120 keV. Due to the energy dependence of .iomic processes, negative ions
should produce neutrals more efficiently than positiva jons above some enercy
and below this energy, positive ions are prabably more efficient. This energy
is probably somewhere between 100 and 150 lev for D°, and 150 and 225 for T°.
Thus we conclude that hybrid reactors can use p* jons but all of the fusion re-
acter desions call for D~ ion, to make the neutral beams. Trends in the energy
requirements are discussed. The hardening of neutral beams against neutron and

gamma radiation is discussed.

* Work performed under the auspices of the U.S. Oepartment of Energy
under contract Mo. W-7405-Eng-48.
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1. Introduction

Hirror reactors depend on non-thermal on energy distributions which in
all the reactor designs to date dare produced by neutral beam injection. The
electrons can be in thermodynamic equilihrium but the ions must be naintained
in a nonthermal sicady state. Because the ions cannot be alTowed Lo come
into thermodynamic equilibrium, heating methods which first heat electrons,
which in turn heat ions, will not do. Ton cyclotron R.F. heating of jons in
principle might be effective but so far has not been of much interest. The
neutral injection in the mirror designs to date are the only heat Source other
than alpha particles; however, auxiliary heating could reduce the neutral beam
enerqy and power requirements ii Lhat were desirable but could not eliminate
their use.

In the discussion to follow, the beam requirements such as eneruy and power,
are reviewed. The shielding requirements of the neutra) beam curponents from
reutron and ocamma radiation are discussed, as well as a status of the past and

future shielding design efforts.
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2. Mirror Reactor Conceptual Designs

The early reactor designs dane at LLL (1970-73) were based on the standard
mirror configuration {Yin-Yang coil, steady-state neutral beams, and direct
energy conversion) and employed 600 keV injection due to the end loss direct
converter understanding at that time. The hybrid reactor used 100 keV injec-
tors. The next reactor design done in 1973-74 was on the FERF (Fusion Engin-
eering Research Facility) whose purpose was primarily as a neutron source for
material testing. It did not have a blanket or -=nergy recovery as power produc-
tion was not its purpose. The injection rec irament was 65 keY D° and 97 keY T°.

The next design done in 1975 was a ¢ .andard mirror hybrid with 100 key D°
injectors. Next was the standard mirror reactor design of 1976 with a careful
optimization of all parameters to minimize the cost of power. ( came cut to be
only 1.1 and the injection energy, which was best, was 150 keV. This was
essentially the first negative ion injector on a mirror reactor design. In
1976 and 1977, we designed the Field Reversed Mirror reactor (FRM) and the
Tandem Mirror Reactor {TMR). The energy for tne FRM was 200 keY and 1200 keV
for the TMR. The hybrid version of the standard mirror, FRM and TMR were
120 - 125 keV. These parameters are summarized in Table 1, The ratio of gross
electrical power to net electriral power (second column of Table 1) is an
economic indicator discussed in the next section. The standard mirror is
clearty uneconomical but still shown for completeness.

The standard mirror reactor is shown in Fig. 1, the FRM in Fig. 2, the TMR

in Fin. 3, the standard mirror hybrid in "in. 4, and the TMR hybrid in Fig. 5.



The injection energy for each reactor listed in Table 1 was arrived at
by ‘olding in the physics model current at LLL at the time, with the endineered
system current ot the Lime, {n such a way Lhat all free paramelors and, in
particular, injection energy were optimized to minimize clectricil power. In
the hybrid most of the electrical power came from fission reactors that burned
the hybrid-produced fissile fuel.

The physics and engineering models which led to the guotad injection ener-
gies for the three ctases is complex for each case, and will not be discussed
here. However in Sec. 4 the trends are discussed which are likely to affect

injection energy as mirror reactor concepts evolve.
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Injector Parameters for Mirror Reactors
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3. 0 Reyuirrments for Mirros Reactors

The recirculation of power in power plant tends to degrade the
economic campetitiveness., A plant which can sell 0.% unit of power for
1.0 unit of power yenerated will enjoy an overwhelming competitive cdgs
over a plant that can sel? only G.b units of power, it everything eloe in
the same. We can quantify the above example and then make several cbserva-
tions.

Wle take an injected .eactor which amplifies injected power cy a Factor
of 1 + 0, where ( is the fusion power divided by the injected power. Ve
assume the neutrons deposit M-times their kimetic energy in the blanket.
The direct converter recavers the injected power plus the alpha particle
power with an efficiency, np.. The undirect converted power and the blanket

power is converted to gross electricel power, with an efficiency, "epe

Psross

5 fraction of lre oross power, § s is fed back to the injector

recirculation
which converts this electrical power to plasma eneroy with an efficiency, UM

The ratio of gross-to-net electrical power, G is given below:

rec.
Based on judgement of the kind of performance that seems likely, we have
chasen the following parameters as typical:
n; = 0.7, "oc © 0.5, Nep = 0.4. Under the abpve simplifying
assumptions the G versus Q vaiues for Lhree cases are plotted in Fig. 6. .
Case 1 is a fusion reactor where M is chosen to be 1.2. Case 2 is a hybrid

213 239 .
reactor designed to produce U as well as some Pu with M = 5. Case 3

249
it a hybrid desicned to produce Pu with M » 10.
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The curves pach have a vertical and horizental asympiote.  The vertica
asymptote occurs at bresk-even values for (. The horizontal asvmptote shows
the idea of diminishing returns fer further increases in G.

For c<ample, a fusion reactor, under the above assumptions which arc felt
to be reasonable by the author, wust have & - U to Lreat even and ) values
above 10 result in small further improvements. Tor a Pu producin: hybrid, the
break-even Q is abuut 1/4 and Q above 1.8 results in smal)l furtne, improvements.
For ?335, the Q values are about 1/2 and 3.4.

For G > 2 the reactor is uneconomical. For G « 1.2, the Q value is high
enouuh sv that it is not a major issue in economics. The value of 1.2 is, of
course, an arbitrary cutoff of a continuous variable.

Based on the Q values for the conceptual designs to date, as shown in
Table 1, we conclude:

- The mirror fusion reactor ( of 5 secems somewhat low
and 10 is probatly needed*.

- The hybrid Q value of 2 is already high enyugh.

- The standard mirror hybrid with 2 of 4.7 has a somewhat
larga economic penalty.

The hybrid because its saleable product is fissile fuel as well as elec-
tricity can perhaps tolerate a somewhat lower Q than shown above, but not by
‘much due to the incipient rise of the curve for fa1'ing Q values.

Ways should be found to increase Q to about 10 for the Tandem and Field
Reversal concepts which do not sacrifice too much other economic factors 1ike
power density. Recently there is encouragement for larger size FRM's when
measured in gyrorvadii. Reduced power density and increased injection energy
for penetration may result. iaating electrons (ECRH, RF, e-beams) in the TMR
may result in increased Q values.

* A conclusion D. Steiner came Lo previously.
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A Trends bikely to effect injection enargy
4. FHighar g
4s discussed in Sec. 3, Q as high as 10 may be needed for an
ecanomical regctor.  Stating this qoal and obtaining it are two difierent things:
however, new ideas and improvements in old ideas seem to be yielding results as
cxewplified in the TMR. Assuming a way can be found to achieyve § ~~ 10 without
4iving up other factors, 1ike power density, then considerable alpha particly
heating will occur and, perhaps, almost completely remove the heating role of
neutral beams. inen the neutral beam would play the wore single-purpose role of
maintaining the non-thermal jon energy distribution, such as circulating current
in the FRM and cnd plugs for the TMR. WUhat effect this will have un injection
energy is not clear, but the likelihood of the injection cnergy aropping much
beloa 150 kev seems un]idgly.
b. Beam pPenetration
in arder to penetrate a thick plasma, Lhe beam enerny pust be high.
Tie PRM, wnich is G-ion nrbits across, requires as high as 200 ke¥ due in part
to penetratior.. There is some ipdication that plasma stability may permit a
larger plasma size {10 orbits across). This wi)l have the beneficial effect of
substantiatly raising § from its present § but, at the same time, force the
injection energy yp to permit adequate beam penetration. On the other hand,
other means of penetrating plasmas should be explored, such at 1on cross-field
flow, for example, which would allow more optimal energies 1ine ~3100 keV.
c. THMR - auxiltary electron heating
The plug injection as now designed requires 1200 keV beams. Logan
thinks auxiliary eloctron heating could yeduce this injection energy to as low
as £00 keV. The heatiig tould be R.F., ECRH, or e-beam, but wmust be efficient

80-70. and low-cost, ~~0.3-D.5 S/W.
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d. Power donsity versus cnergy

The power density 3s proportional to 3¥¥4 and peaks af. about 20 keV
aned Talle vapi Wiy above 70 20V, "he reaction vate paraiseler - v peaks o

']/2. brom this orie chserves that the iuns have

about 00 kev am?t alls as W
ne energetic need in the plasma to be at eneraies above 100 ke¥. 1f injection
is at energies much above 100 keV, the reason is tp heat clectrons or to pene-
trate or paintain can-thermal velocity distributions as in FRM and TMR for
confinement. The above observation is.in my opinian, profound but reaningless
if ons doues nut lave the ¥freecom to apply it, e.g. THR vitally needs high-
ipjection energy for the end stoppering
e. lunition

Ignition trades 1 heating problem for a fueling problem (a barqain!)
but usually results in lnw-power density which is a serious economics panalty
and must be dealt with. The TMR, as we now understand it, cen ianite (Q~10
for 2000 Mde) but the minimum cost power occurs for the driven TMR with Q~ 5
due to a tradeoff with power density. Similar tradeoffs have been discussed

by Jassby fcr the slightly-driven Tokamak.
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5. Hardening of neutral beams for neutron and y radinkion

An iroortant requirement in design of neutral beam injectors is the

protection of the injector components ugair<t *he kostile radiation on-

vironment.

Because neutrals must have line-of-sight to the fusing plasma,

the neutrons can stream up the beam line. In principle, the ion source and

accelerator structure can be located out of line-of-sight with bending

magnets to guide the beam around a corner. This seems bulky and likely to run

into severe
essarily be
ponents are
designs can
trodes that

bacause the

beam-optics problems. Thus the Tine-of-sight injectors wil? nec-

in a rather intense radiation environme: t. The vulnerable com-
insulators, semiconductor devices, and cryopanels. Proper shielding
adequately protect the vulnerable companents and the metal elec-

sea the highest radiation loads are not expected to be a problem,

flux is Tow (100 times lower than 2t the blanket) due to

geametry and distance from the source, causing a dilution.

Insulators: Dielectric breakdown due to high levels of ionizing

radiation must b~ avoided. Structural damage due to accurulated

radiation doses will determine replacement time.

Semiconductors: Solid-state lasers and rectifiers used in some in-

jector designs must be well shielded.

Cryopanels: These are made of metal and although not subject te radiation

damage, will suffer from nuclear heating which must be shielded to

reduce refrigeration power to practical values.

Cver the past 5 years at LLL increasing attention by the reactor-study

group has been given to the effects of ragiation on neutral injectors. The

evolution of neutral beam hardening wiil be yiven briefly.
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In 1973, the first reactor injector desiyn was done by G. Hamilton for
a FCRF (Fig. 7). Shielding was provided primarily for the magnet as shoun
in Fiy. 8. T. Wilcox then made a detailed analysis usina Monte Carig codes. to
calculate neutrgn and gammd Fluxes at many locations. The wodel is shown in
Fig. 9. The point labeled %9' js the location of the source with its vuinerable
high-voltage insulators. The neutron dose rate there is 2 x 10° rem/h{1.3 x 1012
n cm-2 sec—]). and the garma rate is 1 x 106 rem/hr. This corresponds to 0.05 W
e in stainless steel.

The machine was designed with the idea that the machine itself including
the sources were part of neutrgn~damage studies.

The next injector wds designed by Fink, Hamilton, and Barr in 1975 for the
hybrid reactor. The individual beams were separated just enough to put shielding
in between the individual beams as shown in Fig. 10. This added shielding
essentially eliminated line-of-sight bombardment of cryopanels and direct con-
verter insulators and somewhat attenuated the radiation seen by .ie jon sources.
The neutron flux at the sources was estimated to ]0]3 n cm-zsec-]. however no
detailed Monte Carlo calculations were made.

The next injector design done in 1976 by Fink, Barr, and Hamilton, was a
150 kev 0 neutral injector shown in Fig. 11. The major change in this design
from the point of view of shielding, was to recess the high-voltage insulators
into the shielding block, thus eliminating any line-pf-sight {14 MeV neutrons)
and greatly attenuating the radiation enviromment. (ow-voltage insulators which
are essentially non-load-bearing and can take relatively high dose: remain in
the source. This design uses a photodetachment neutralizer. The solid-state

lasers are recessed into the shielding also. Again no Monte Carlo shielding
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calculations were done but ratber citimates made. The next injuctor study,
done in 1377 by Fink, Bender, and colleagues (Fiq. 12) further develops the
shieldin:. A Monte Carle calculation on a JHe injector 15 underway

An assessment of "Electrical Insulator Requirements for Mirror Fusion
Reactor” has been made by R. H. Condit and R. A. VanKonynenbury. The table

of contents follows which gives an idea of the substance of this study.

Future vWork

In FY 78 we plan to carry out two injector studies; one based on 0* of
about 120 keV and the other based on 07 at~1 MeV. Both will place heavy
emphasis on shielding design .nd analysis with the extensive use of Monte Carlo

cades.
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“Rlectrical Insuistor Bequiresents for Mircar §usion Hodc .or”
by R. i Condit and R. A. Van Kanynenburg.
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Figure 7.
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Figure 9.
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6. Conclusions

Mirror tusion reactor designs carried out to date call for high-injection
energy (standard mirror -150 keV, FRM - 200 keV, Tandem mirrce - 1200 keY)
which can be met by D beams but due 1o low efficiency, not by D' beams. Hybrid
mirror reactors (standard, FRM, Tandem) use 100 - 125 keV injectors and can use
0" joms.

[f a reactaor concept calls for injection above ~100 keV, the regson is
not based on maximizing the reaction rate parameter -uv- , or the power
density (« i%;i } but rather on some other requirement,‘such as penetration,
heating, znd plugging, maintaining plasma currents. I7 the beam is used for
both hsating and fueling simultareously, then injection over 100 keV incurs
disadvantages. On the other hand, heater beams seem to prefer high energy,
requiring less current {especially to preferrentially heat electrons); in fact,
the higher, the better, and 3.5 MeV He is an excellent heater; that is,
ignition or near ianition is desirable.

If the confinement concept calls for high-injection enerqy, effort should
be placed on evolving the concept towards lower energies as well as figuring

out how to supply such high energies.



