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Abstract

At present, the energy sources are diversifying as shown in the spread of wind-power
generation and the use of biomass cnergy. But, the guantitative increase of the energy
consumed is always accompanicd by the shift to a more clean and environmentally friendly
cnergy resource, This will be a invariable principle proved by the history of mankind and
will also apply to the nuclear fusion rescarch.

The fuel which can most easily sustain a thermonmiclear reaction is a mixture of den-
terium (D) and tritium (T). Notwithstanding the substantial advantages, the D-T reac-
tion has several drawbacks produced by T breeding and fast neutron handling. Therefore,
research on advanced nuclear fusion fuels continues.

Proton-Boron fusion reactor (p-''B Reactor)
p+ B = 30+ 87T MeV
probably offers the ultimate energy resource on the earth, becanse,
¢ the fuels ( Proton and Boron} are ubiquitons on the earth , and
e fast neatrons are not generated.

It has been, however, considered, in the Proton-Boron fusion reactor that
bremsstrahlung power loss is too large to satisfy the ignition condition, because the atomic
number of boron is so large (Zp = 3). But, the progress of LHD experimental and theo-

retical studies have brought a new prospect for the Proton-Boron fusion reactor.
e Production and confinement of high-energy particles by ICRE heating in the LHD.
o Possibility of high 3 plasma confinement in LHD.

ICRF can sustain the high-encrgy proton to the optimal level for the fusion reaction, and
can bhe controlled not to produce the unnecessary extra-high energy proton which produce
slow neutrons by the side-reaction.

This is & summary of the workshop on 7 Theoretical Study for ICRF Sustained LHID
Type p-1'B Reactor ” held in National Institute for Fusion Science (NIFS) on July 25,
2002. In the workshop, study of LHD type D-*He reactor is also reported. A review
concerning the advanced nuclear fusion fuels is also attached. This review was reported
at. the workshop of last year.

The development of the p-1'B reactor research which uses the LHD magnetic field
confipuration has been briefly summarized in §1. In §2, an integrated report on advanced
nuclear fusion fuels is given. Tgnition conditions in a D-*He helical reactor are summarized
in §3. O-dimensional particle and power balance equations are solved numerically assuming
the 15595 confincment law including a confinement factor (vgy). 1t is shown that high
average beta plasma confinement, a large confinement factor(ygy > 3) and the hot ion
mode (T,/T, > 1.4) are nccessary to achieve the ignition of the D-"He helical reactor.
Characteristics of ICRF sustained p-''B reactor are analyzed in §4. The nuclear fusion
reaction rate < g1 > is derived assuming a quasilinear plateau distribution function

(QPDF) for protons, and an ignition condition of p-''B reactor is shown to be possible,

Keywords: p-!'B reactor. advanced fusion. D->He reactor. ignition condition, fusion reac-
tion rate. quasilinear plateau distribution, He confinement. *He exhaust. ICRF
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Abstract
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D-T MEVEFIIRIZLTES LR TERYN, Z0B
BEMmSIZE, ZEKZEORVBHRL DT HIET
BETSD 14 MeV FHEFOD TS EBERBT X

e R L¥EN, RBRELRESRTYWS, ZhE

ORAE % B~ < D-D, D-He, p-°Li, p-"B 2 ¥ ®
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EBRTAEDILT 7 AvAMiTHBC BB TH
EFNTHWAZENEE L,

INLOEEEE TERAD—DRREE YRR
(FRC : Field-Reversed Configuration) T# 5, ZHh b
OBENS 1| GWe 7 D He/FRC BB AIF O
REREN "ARTEMIS " BFITaAhi, TOBEE, T
MF ARSI A8 3 % L7, BB
~O BHETARFIL 018 MW/m?, (D-T BREHERS
124 MW/m?) I8 2 B TERY . Z OREER
BORIH) e ABAREC R T,

L Lizdis, DHe REIEEME T, DT #
BHRBAICERTHIEDORBRS T A<RBER 1
AW AL ADMRE (77 XvEE XX
F—ALAHERE) REHFIh, 58, m<—F .
TF A OERMEAALIAHDHAEE I LIZEDH DY
ErHD,
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1. HU®IiC

INETOERERTIIEL @#HA%ﬁﬁtm‘m T, TS zvragr&:rﬁﬁﬁm:x%w g
BAPOEAFE (D) LZEKE (THRBRBLTE DT ERELTTLIED LR TEE, ZOBEFRXD
B O S LEAKZRIXMEATIC HDO O TH 003 % FELTWASOTHEKOCEB EEAMIZ L 5B
THRBRABFBIZAFARTHIN, ZERKBRERRACEEST [ TG ) *He: ERHY = 123 £ 1. MoHh
DHETEETILENH S, D2, DT ERESEIGITED 1dMeV FHFIZES (ng)(n2n)(np)
LORIGIT & » TRERBEM ORI EMRICKkHE, ~V) vah EBREb g omiES Ll %, =
NODOHBLERTILOL LTZEAR2BE L ETHHEFORER LIV PRVBRHC L 28RS 2R
LEHEF3, WbaT Ry v 2 FRREERA OMBE/EITEINTE L], Z 2Tk D-T BEERa
LERBT FU7 v A FBRBERSOBEBE RS, KIZIhb607 KT 7 R FEREER S O D TR
SRS L THBEREIN TS D He BEICEAZY T, ZORBEMABEL-BETZ X<HBLAD
FHRD—2 & L THEBNEELNL (FRC; Field-Reversed Configuration) 77 AvH UADHFRIZ LD 1 GWe ¥
MBS ARTEMIS' 288035, BHRICT FU 7 A RBREERMESFHERBRO-OOREL T LD 5,

2. D-THREEMESLT RV 7 A FREERS

K1 DTHREEMEBIOREBEART FV 7 2 FEEEMARIE., B1 2806 OERE G
HER T v 7 A7 T EEERE CRFREERT, 2 TGk, DT BEHEMES L8 7 RV 7 X PR
EHEEMES OB A T3,

D + T = n o+ 4He + 1759MeV.
D+ 3He — + 4He + 18.35MeV
D + D - T +  4.03MeV
D+ D - n + 3He +  327MeV
p + 6Li — 3He + 4He +  4.02MeV
-p + g - 34 +  8.7MeV

£1 DT BEEMEE T KV 7 v 2 FREHER SRS

2-1. D-T BRE @A
DT%ﬂ?mAmﬁk@@Aﬁ%ﬁf¢ﬁ%&m17A4&%$¢6&HAEFf%5
D + T — PHe* —  *He(352MeV) + n(14.07 MeV)

LORISIIEEE "He OHBIIETH D7, B 1 THEMNRE S IZhOREERS KIS IZ -~ TEY
FRATEETKERRIGELH-TEY, ERPLOMEXF LR TWD, SREOFTTEAE D) &
HWBKFIZ HDO DR TH 003 % FELTEY, BRKOEE ER SR ctwﬁﬁﬁrttézéﬁfmic AFFTHE
THHP, —~FOZEAKE (T) (LR 123 4£T b BETE [TG ) He MM =123 & | =Hi28
RRUHFLEET, MOPOHETEETILERDD, EOFEO—DE DT EMERICTEETD 14
MeV T & UF T A AWTZEARLERTOLOTHS, LALANS, ZEARIIAFEORLL K
ThHABTODICAKICERICRNEN, £0 b BREICL->T 1 g H10 9.6X10° Ci (= 3.6X10" Bq ) O
BEHT, SOIRETS AMeV OFHETD (ng), (n2n), (n p) EORIGITE » TIEREEHM OB
LM EPIZ KRB~V T LAEER L TBEMOMEZLILEETFOEMLEL TS, BEOA—2TF
A MM, 7 =74 MATIFEOERBBH 30 EOMCKEEOEEMOLTRBVLEL D, ThLOBHET

MS*



cross section ( barn )
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BIE, 77 Y 0n (V) REAE (Si) 2 EOERSHATR OB HR I ED b T3,

2-2. D-D BREEME

D-D BREERE IR OBEKREIEBARTICEZICFAEL, DT BRSO L S ICSHEAREMERLER
EOIFREPTBICR2HEANRH D, LAL2Rs, ZOREE DD SIZED 245 MeV DT 0
A7 5| daughter reaction D-T' UGIZ L - T 14MeV O F4 AT S, BAETATHEIOES U — -
NT L ABLURF AT ANEROEFEREZE 21T, ZITRBELIHARATA—FEFRIBICRLTH
V. HEOTZDHIZ DT BREHEERESORRLRLTHS,
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2. DD BEERESIIBITAADAARBIZETS
FALZ 0T A =7 LEREHAIIRT 53T HA,

_9_



ZOEMASEHLMRE DI D-D BREBBAE DT BREHERSIZASTEREOERT 7 AvRE, BLT
—HiENT I ACALRORERINLA, REFORERT DT EREOHEXTBLTHIET T, F
P IZ0H DERBEORAR RBER TR D vy,

2-3. pfLi RO p-"B REERE

TR GOBREHERS X ER. daughter reaction M OHEFEHFIZEAERAELZWATHERECIEAIOHLD
BEEMSTHD, LPLEALREHEEN/ N IBEO 77 A-RENEFIN., FORIBTIIREO
BEFEZRERAEZVWEDICERES (HEBEH. 7o b e BH) BRECRED, RI3CEHILA TS
AwiRELTI X< 0 (ABhExT AN 277 A-HCIH="EROBELE LTHRLE, Zh
5 OBRBIERA T 100 keV LEDO 77 X~BENBEHF S, ERTHLANAAT—BHAAT—% LRI
LEEABITEOERBTIIHETH D,
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2-4. DHe MREERA 12

TOBEEREIE DT BEREOIF—RIGT, L BEEORBRIGTH S DI MK & 2 RGN
HEEE -~ T\5E, SHIZZEREEBREE LAVWOTHEOLEN < IFEENRHEICAR S, BREIOEK
FIIHARTICFOFETINAY DA SEBEIRMIR EICITHOTHLFELZVE, AEL2ARERYON
ARBEICFITRERICTFET B,

D-He BEERME TEREINIAL IO FA—F P T RARS2 /S A EEOBIE LTH4 R
Lire 2% L LT DT, D-D BREEBMEDHEL R LT,

1022: 1 IllllIII ¥ T 1T 111910 T T7FPTTITIT ].
- ( (D-T: ~08)
s - 4"‘]\ -
gﬁ o .. ,'(_D-D — 0.8
e - T _
£ E - D-T - . -
2 < “\DgH 306 o
E 2100k - e T =
v c Q.
= - N
g & - ) _/—7 i 0.4
b=l - (D-D: ~0.35 4
S I , - 02
~ { D-"He: ~0.02 )1
1020 1 |||11|1t 11 17 - 1 ||||||T O
1 10 10° 10°

plasma temperature (keV)

M4. D-3He BEHEBA TEHINAAL 27 A& LT HA
OF T X2 iRERTEFN,

ZOREEBE L DT BREIZHESTEY &R (30 keV — 80 keV ) T, LV &AWL ZHMERE ( 3X
10 — 2X10* sec/m’ ) BEFHS DN, BRAETEHHERT D-T EBEDOH 1 /740 LFEFITDZY, O
e TIZREET 52 ORESEMEIND,

3. 1 GWe D’He ¥R A PSR ARTEMIS'

D-*He ¥REHE - W4ERERELT (FRC : Field-Reversed Configuration ) {2 X% 100 5 kW B H
HIFAHEH” TATFIRT 3] OBAREESIZT LR, 2 THRERESDAICHTLIPHFEAE R
9B TRIE{EAIThR, K6 F/AT L A"D plasma parameters %7 L7, 1 GWe ERUM AT
TARETHAIEH 3 % EHFITLR, LEL, BBELT 7 XCBENK 100 keV LERIZRDIED
XRZLRBL, 8 6 WEIFEIZIENZAAF—HLADEKBPEFRIND, FERD engineering parameters
FR7TIZFELE, 9 1.8 GW OEREGHAO 13 BEROBE#RTEEL, 13 PEHUADENHLRRT LR
B SOEBEIINY—ERELAVCTEAHCLRINS BYO U3 IERMARISTRETD 15MeV 5
FOEBI ALY —FTHRBCENCERL, 2L LT 57 % OERESI v bHERBFGOHLTWD, 77
B LA E—BE~DOPHETARINKD DT BREEBMAO 1L E/NE N 02 MW &o T3,
DiHe BRATHEL IO -FORETHS *He Thb, "THAT I A TORTHRNAEER 8 IR,
100 77 kW D He RS CITERR 64 kg @ “He BUREL 425, HED He 1HHEEIZHAE (RRPE
L 73x10°R) THAEDIIER LCAATAOXN#ETCHD, LirL, AmEIE 100 TRy, 0
AR LEREON ZARBEIZITH 1080 kg O~V D AZOEESABLLOR TS,



0,0 shield

|
Cusp Dirgct Energy Converter
Neutral Beam Injector

Burning Chamber
Fiagnetic Shieid Direct Energy Converter

Pinch Coils

5. D-3He/ FRC100 7 kW BEXHERSPESHH” FA7 I 17 @ﬁﬁo

o FTSATEE n =51x10* m*
O MHEAFUBER: N /n, =135
o T XTRE - T = 83.5 keV
o EVMEE : B,y = 536T
o Ty piE: <p> = 0.98
O IRLX—PACRAOHEM : : T, = 6.9sec
o HEMAH - Py = 175TMW
o BREANIIHT S

q:ﬁ?ﬂ:llj] - Pn/Pnet = 0.032
o j’az?EF& rg = 1.68 m

xFTSXTEK: x I =222m
o F5RIB/R : I, = 189MA

/

\'

TAT IR @ plasma parameters



O BEMaHh - 1,757 MW
O #AHE - 668 MW
O HEDXLF—ERE

(15 MeV BT} : 526 MW
O E#ETXAX—ERER B 563 MW

O EKHA 1,000 Mwe
O REBS7 2 MR . 57 %

O LHEE: 4,900 tons

O 2R 160 m

O B—EEDEE - 228 m
O B—EE~ORAH : 20MW/m?
- BBV =1.987 MW/ m ? (99.3 %)

s rrn o ER =0.013 MW/ m (0.7 %)
O BB~ hi-A7% -
*D-T :0.118 MW/ m *(65.6 %)
*D-D :0.062 MW/ m*(34.4 %)
* BE : D-T BREHERE D 14 MeV i FREAT

= 2~-4MW/m?

0.18 MW /m?

7. FPBLEERET T TAT T R” @ engineering parameters |,

1 GWe MR EREC S / D-3H. &P "ARTEMIS "
RFOFIE

3He : 63.7kg !y

0.62x1073 kg / min.

3He : 0.5 1073 kg / min.
SHe BFTIE )

3He

-k
SFRLT

T D-3He
AMAL Y b A TS X
0.35x 103 kg / min.

=l
ﬂ

T %)

8. IFEERE

D :0.25x10-3 kg / min.

D:504kg/y T :3.34x1076 kg / min.

a,3He,p, D, T

ESR SN a
A

3He,a

—{ZaRl———

(p D, T)2:0
y

R k5 M
D052k 0,

—I DT

TTAT I RT ORTF i,



4. FLHLT RU7 R FREBERME OB
PAFIZEEH LT R 7 o R BB A DRBEETI%T 5,

1) D-T BEHZRA L, ZORISEOBE DL INE TOMREME TH 20, BETS 14
MeV HETICRET 2 TEMRARS OBREAEREIN TN B,

2)D-T MEHERE DR MR EZZ LN TE R D-D BFHEREIL. BEOBEKRNES
WWEREICAD, ZERFEOHRBEATRLEL VSR EEH DM, TORMOBESIZH AT
T A DR T, MESIBELNE ORBERBEINZEETH S,

NpiLip'B L OBRFEIFLAERE L LOEREIE, TOERONESNL, &
875 K AR e Y ORI R AGER S D ke S oBEHERE L Bbh D,

4) D He WREERAIL, KX ARGE, ZEKERBEORLEERPEFOREDD
EMLBEANAZARECES TSN, BREO He DAFRRLZOBREHERS DRHEE
T b DEVERABREBRSBEMNERLSE b 77 X B UADEMLOBREMIENL
HThD,
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Ignition access in a D-He Helical Reactor
MITARAI Osamu
Kyushu Tokai University, 9-1-1, Toroku, Kumamoto, 8§62-8652, Japan

Abstract

Ignition access in a D-?He helical reactor is stud-
ied based on (-dimensional particle and power bal-
ance equations for deuterium, tritinm, helinm-3,
alpha ash, proton ash, electron density and tem-
perature. The calculations are based on the fol-

lowing experimental facts observed in LHD.

¢ Energy confinement time is given by IS595

confinement law including a confinement fac-

tor (viru)-
TE = ~um % 1.6 X Tg 15505
= ygpg X 1.6 x 0.079 x (L2/3)0'4
y T 0.51 R053 7221 Rg.ﬁﬁ
1020 0 o5

where @, Hp, 7 and By are average minor ra-
dius, major radius, average density and mag-
netic field intensity on magnetic axis, respec-
tively, in SI unit. t9/3 is the rotational trans-
form at the magnetic surface whose mean ra-
dius is equal to 2@/3. Py is total heating
power in MW unit.

e No clear transition from L to H modc in
LHD. The external heating power Pgrxr is
applied to expand the density limit, not to

maintain the H-mode regime.

Density and temperature are assumed to be in
appropriate profiles. Deuterium and 3He fuel-
ing are controlled by the fusion power Py signal
based on PID control algorithm. Proportional in-

tegral control is employed with integration time

Contents:

Tint > 20sec. Derivative control is not employed
(Ty =0).

The fuel ratio is assumed tobenp :nag. = 2: 1,
and, the particle confinement time ratios are as-

sumed to be

TD/TE =Tr/TE = Tp/TE = Th/TE = To/TE =2= 2.5

The pronipt loss of the fusion products is assumed
to be zero.

Temporal evolutions of particle and power bal-
ance equations are solved assuming appropriate

valne for parameters. The results are as following.

1. D-*He ignition is possible for a helical reac-
tor with Bg = 15 m, e = 3 m, By = 5 T,
v = 3, high beta of 3 >~ 24 % and initial
heating power of 300 MW (= PgxT).

2. D-3He ignition is also possible for the smaller
minor radius reactor with @ = 2.6 m.

3. The larger particle confinement time makes
the ash fraction larger, then no ignition is

achieved.

T /TE =T7/TE = Tp/TE = Ta . [TE =Ta/TE=3

4. The final beta value can be reduced to 3 =~ 15
% by increasing the magnetic field from By =
5to 7TT. (Rp=15m,a=26m, ygg=3)

Big issues for D?He ignition are achievement of
higher average beta plasma confinement, a large
confinement factor{~vgy > 3) and the hot ion mode
(T;/T. > 1.4) operation.

1. Ignition control in a helical reactor

2. Calculated results of the temporal evolution

3. Summary and further issues
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Ignition access in a D-*He Helical Reactor

LHDEURE SR ECAL 2 FWVZICRFRE 7 1 b v—R m U ER A E OB AT S
TUNEMERE BFR &

1. FLEHIC

~Y B AERAIE OBEST THD — TIEORH bERL LD TV B, & &I ERAHE
LEbIS p - BEBAFEOHLMAHELTDRS LIk TER, LhL, TP
MET D BN A" He B EFIZ W TR F VRS IThh Ty, EFIZBWNTH~
D B ED-HARDA 7 = v 3 0 L ARIRORENT £ TIAT - - BB B B2, /9T A — & DISHIT
BICOWTIHERIE LD i dois. 22T, RERPFEICE T OREERY LT,
AT =y VEEROST A5 ORBRBLHE LT, TOERTERICOVTERT S
L Lbicp — BEBEFHEDFIERICOVTHELS.

1.«Uﬁ»ﬁﬁ£ﬁ647:wba>ﬂﬂ$.
1. 1. ORTHRF, TARNXF—NFTLAFER
ILTHEAR OKRITR S, TRAF—NRTFURFEAEFAND.

ERFBORIF T ARKT
dn. (0 0
J%Ll=a+ag&¢n—"§)

D

-(l+a, )[”D(O)nT (OXov),r (x) + 1y (0)2{(0"’)00?7 (x}+ (O.V>DDHE3(X)} + "D(O)n“’“(o)(ov)l’ﬁm(x)]
(1)
*Hell oW Tk

e (0) =(1+a)S, 0+ 0+ an){nDT(O) <GV>DDH53(-’C) - n’D(O)nHEB(O)(Gv>DHES (x)}_

Ny (0)
dt :

HE3

@)

b UF 7 LIZONWT

dn, (0 0)— L .
'Z_t() =(l+a, ){%2( )<OV)DDPT(X)—— n,(O)n, (O)<O.V>DT(X)}— n;E ) "




A~V 7 ARV TIE
dn,(0)
dt

= 10,15 01, O)0V) 5 (5 + 1y O 15 OOV s} 222 @

a
7 b UERIZ VTR

dn,,(O)_ n,(0)
—dt = (1+an){ 5

B EEE LA CEFEELHETS.
1,(0) = 1, (0) + 17 (0) + 2155,(0) + 21, (0) + n(0) + (1 + @, ) Zn,, 6)

n,(0)

P

<ov>m(x>+nD(0>nHE3(0><ov>DH53<x)}—

iz, RE, BESMIE T(x)/T0) = T(x)/T0) = (1),  n(x)/n(0) = np(x)/np (0) =
Des(X) / Ts(0) = np(x)/ 11 (0) = ny(3) /05(0) = () /1 0) = (1-x)™

TRAF—ART A H R

dT(0) 1+a, +a,
dr 1.5e(f, + f, +117, + fues + [y + fo)n, (0)

[{P exr Vo & Popga + Poppr + Pppus + DTa} { }]

_ T,(0) y
(fo+fr VY + fupnt Fo+ £r)

" 1 1 [dhﬂ(0)+_dnr(0)+_an(O)]+ s 2 ] 1 [dha(0)+_dnHEJ0)]
Yf(l—(1+an)zﬂmp) n O a dt dt yj(l—(l-i-o.’n)mep)J n(0)L dr dt

(7)

I THT(0)/T0)=14DFA A E— FE2REL, BETERELZELTS.
FACIASH A —Y w7/ e LCISSOSAIE AV D, ymid (8) R X 5 ICISS9SRIZ1.605 Lz @
DELRLALIADHEBETHD, ﬁE@LHD%ULb@é%&%%F&’ﬁE#é
Tpssosl8]= V1.6 X 0.079005 0" [X10° m 1BY2[T]a" " [mIRS[m]/ P2 MW ] ®)
UFIZART K 942, D-He~ U A AVRIBAIF Clv=3 03 L ETH Y, R VOB LADOH
ENRERIND.



1. 2. 5/ D —&RE

LHDERICHB W TIEILE— FRLHE— F~DiFo & ) LEZBENR RV b, ZIT
VL FERIR A A — VR R B THNERINE ST — ORI E4T 5. BlD, EREE L) b EERME
MEL B L) ICmB T — RNt 5. I CEERMEE

025% 10 \j [BrnaV,[MW 1% 10°}B,T]

n(0) < n(0),[m~1= = 9)
Vora 1 Yo az[m]R[m]
L, BERAMEIOREMIECEEDLEIZRD L 212, Yoo =n0),,/n{0)=1.02> 1.0
FE< . HfiREEIE S .:yp,—z/nm) =2/3. ZORKY, SEMBST -
yDLU},prn(O)[m ] Ra 6
L)W 10°-(P,,— P, - P 10
EXT(D )[ ] ( 0 25 % 1020 BO[T] X ( Pr B S) ( )

L, Pl a AR T U —, Pl 2fl@Es v —, PJievr s o s
T—THD.
EmE N P, 13D- *He BREHT-#if OPIDHIHIC L > THIE S h 5.

: de(P
[lepyar + T, —‘i—f)}cfo(t) (1)

L, e(P,) = 1=P /P (), ZZ CIIHEDHMET.>20sec, MOMHHREZT0L L, P 1 i
L7 E7, BEIEDH e BRAPBRLEERT U N nuy=2:14T 2. RFH LiADEH
O xR F —F UIADEFRNI %9 D il tp/te = Thed/Te = e = tp/'ﬁE =1/1e=2~25 & 75, B
EHEBB T ORRITRVERET S.

1
Spues(t) = SDHEJO{E(Pf)+ -T_

int



1. 3. D-HeAU D LBMBIFD/IRS 2 —4
ZIRDHe~Y ANVEBREIF DT A—F R LITRT. EXBED-T~Y HMFERL
R=15miZREL, PEEEID-THFDI8mE Y K& {BREL-.

Table 1 Parameters of D->He helical reactorl.

Major radius: R=15m

Minor radius: a=26m(~3m)
Magnetic field: B=7T(~5T)
Maximum external heating power: Pexr <300 MW

Enhancement factor over Present LHD

{ISS95 scalingx1.6 ): Yor =3

Ash density fraction: fash= fptf, ~ 7 %

Be impurity fraction: fge=1%

Effective charge: Z~ 1.55

Particle confinement time ratio: To/Te = Tuea/Te = TrfTe = T/Te = To/Te =2
Fusion product heating efficiency: Ma=Tp = ceereriarinns =1

Wall reflectivity and Hole fraction: R.s=10.9, fy=10.1

Density and Temperature profile: o, = 1.0, ar=1.0

Electron density
Ion temperature

Beta value

Fusion power
Neutron power

Fusion product heating to plasma

Bremsstrahlung loss
Synchrotron radiation loss

Plasma conduction loss

Average neutron wall loading
Average heat flux:
Divertor heat load

n(0) ~ 3.4x10* m*
T(0) ~115 keV
<B>~15% ~( ~26 %)

P¢~ 3000 MW

P.~ 180 MW
Pep ~ 2820 MW
Py~ 670 MW
P~ 720 MW
Py~ 1430 MW

T, ~ 180MW/1540 ~ 0.12 MW/m?*
T} ~ 1390MW/1540 ~ 0.9 MW/m*

T, ~ 1430 MW/(2rRx0.1 m x 4 legs) ~ 38 MW/m’



2. IRSA—SORKRMEROHNER

1Iz7+ k917, DHe £ Z/=v 3 3a>iX R=15m,a=30m,B,=5T O/XF A—FZHFKD
~NYHNVIETHEETHD. ZODLE, e =TTt =Tl =T e =T/ =2TH5H. LELALR
DORHERE Iy =3 KX RIFER bRV, MY —iT 300 MWREZETHS. Brb
bhB L HITEEEXIPm?, BEIX110keVEREW. o T, “—% [E<P>~24% E@m< 2D
DT, THLE~NYAAFTERTED LI NBRIIRD. 20X D RE—FEMLDORIZ14MeV
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Introduction

At present, the energy sources are diversifying
as shown in the spread of wind-power generation
and the use of biomass energy. But, the quan-
titative increase of the energy consumed is always
accompanied by the shift to a more clean and envi-
ronmentally friendly energy resource {firewood and
charcoal —+ coal — oil — natural gas — --- ). This
will be a invariable principle proved by the history
of mankind and will also apply to the nuclear fu-
sion research.

Proton-Boroun fusion reactor (p-''B Reactor)
p+ B = 3a+ 87 MeV

probably offers the ultimate energy resource on the

earth, because,

o the fuels ( Proton and Boron) are ubiquitous

on the earth , and

s fast neutrons are not generated. The side-

reaction
p+HBon+ 10~ 28MeV

is an endothermal reaction and produces only
slow neutrons when energy of proton exceed

ahout 3MeV or more.

It has been, however, considered, in the Proton-
Boron fusion reactor that bremsstrahlung power
loss is too large to satisfy the ignition condition,
because the atomic number of boron is so large
(Zp = 5). But, the progress of LHD experimen-
tal and theoretical studies have brought a new

prospect for the Proton-Boron fusion reactor.

¢ Production and confinement of high-energy
particles by ICRF heating in the LHD.

e Possibility of high £ plasma confinement in
LHD.

Particle orbits under ICRF heating in LHD is
solved numerically. This study shows the follow-

ing results.

e The high-energy ion is heated further more
by preferentially absorbing the RF energy,
i.e., the runaway ion heating mode pro-

gresses.

¢ LHD can confine fusion relevant high-energy

{ MeV range) protons.

e The LHD magnetic field can confine high-
energy ions in the almost entire magnetic sur-
face region. This nature should be sure to
contribute to the economy of the fusion re-
actor greatly, because whole plasma column

become possible to burn.

Runaway lon heating process is analyzed by
Langevin equation. It is shown that the steady
state proton distribution function becomes a quasi-
linear plateau distribution function (QPDF).

Nuclear fusion reaction rate < av > is derived
assuming a QPDF for protons, and an ignition con-
dition of p-'1B reactor is analyzed and are shown
to be possible to be satisfied.
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Figure 4.1: Poincare plot particle orbits under ICRF heating in LHD. The colors of the plot points are

distinguished by the instantaneous particle energy. Magnetic field configuration are shown by the values

of coil currents and Poincare plot of lines of force ( shown by cyan-colored points). Conditions of ICRF

field and initial conditions of particle motion are also listed in the figure. Cross sections of vacuum vessel

wall and helical coils are also drawn.

4.1

To study the ICRF heating process in LHD, we
have solved numerically the following equations of

motion for a proton in LHD magnetic field B.

d
Md—j:q(E-l-va) (4.1)
0
E(Ru:ﬁ\z:t): O 1
Eysin (myp + krR — wt)
(4.2)

where v is the velocity vector of a proton, g the
electric charge of proton, M the mass of a proton,
Ey the electric field strength, and w the angular
frequency, respectively. m,, is the toroidal mode
number and kg is the radial wave number corre-

sponding to magnetosonic wave. Collisional effects

Particle orbit under ICRF heating in LHD

are neglected. The starting points of protons were

set on the horizontally elongated poloidal plane as
28(m)SR=45(m),p=0,Z2=0

where (R, ¢, Z) are the cylindrical coordinates: R
is the major radius coordinate, and ¢ denotes the
toroidal angle. The initial energy of a proton was
assumed to be 1 keV, and its initial pitch angles
xo were set to 0 or . Such protons were numeri-
cally traced until those are reached to the vacuum
vessel wall or t < ¢, (= 39.6 msec ). We have in-
vestigated characteristics of particle orbits, chang-
ing Ey, kg, my, and the magnetic configuration.
An example of Poincare plots of particle orbits are
shown in Fig.4.1.
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Fig.4.2 shows the maximum energy of ICRF
heated protons in LHD. Numerical results show
that

¢ LHD can confine fusion relevant high-energy

( MeV range) protons.

e The LHD magnetic field can confine high-
energy protons in the almost entire magnetic

surface region.

¢ Maximum energies of [CRF heated protons

are depend on the toroidal mode number m,,
of ICRF Field.

The ion cyclotron resonance heating increases the
particle energy in a perpendicular direction of the
magnetic field. Therefore, initial passing orbit par-
ticle orbit (x = 0 or x = ) changes to a re-
flection orbit particle by ICRF heating. In LHD

magnetic field configuration, reflection orbits par-

ticle can show more excellent confinement charac-
teristics than passing orbit particles[33]. Then, the
ICRF field of m, = 0 component can accelerate
protons into the highest energy range. This energy
has reached to the MeV range, which is sufficient
for the p-'1B reaction, under the present magnetic
field strength and the device size of the of LHD.

When toroidal mode number m,, is increased,
the wavenumber component along the lines of force
is increased. Therefore, cyclotron resonance accel-
erate protons in perpendicular and parallel direc-
tions of magnetic field. At this time, the acceler-
ated high energy protons flows out to the vacuum
vessel wall along the lines of force (diverter field
lines) when the pitch angle of a particle move to
a transition region. Therefore, when an RF field
has large toroidal mode number m,,, the maximum
energy of ICRF heated protons becomes relatively
low (when my ~ 40, E.,qp =~ 200 ~ 300 keV).
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Figure 4.3: Temporal evolution of a ICRF heated proton. The particle energy (red), pitch angle (cyan)

and the magnetic field intensity (green) at the particle position are shown as a function of time (expressed

by the time step count of Runge-Kutta scheme). Initial energy is 2keV and initial pitch angle x(0) = 0.

Typical behavior at an initial stage of heating, the helical mirror trapped stage, the transition orbit stage

and the high-energy stage are displayed in detail a little.

A typical temporal evolution of a ICRF heated
proton is shown in Fig.4.3. Protons are acceler-
ated or decelerated resonantly when protons pass
At

initial stage, one path energy gain is relatively

through the resonant magnetic field regions.

small due to rapid passing of resonance region be-
cause velocity is almost parallel to the magnetic
field (x =~ 0 ). But after several transit of reso-
nance region, a proton increases its pitch angle.
Then, the transit velocity of resonant region is
slowed down due to the V(uB) force (1 : magnetic
moment of the proton). Then the one path en-
ergy gain of a heated proton increases significantly,
i.e., the high-energy ion is heated further more by

preferentially absorbing the RF energy. —— Run-

away ion heating process occurs in ICRF heat-
ing in LHD. — Protons can repeat helical mirror
trapped motion and helical mirror detrapped mo-
tion in LHD magnetic field, when particle energy is
not so high (energy < 200 keV when B,, =3 T).

The ICRF heating in LHD does not cause a di-
rect loss of the heating particle, and is very effi-
cient. The main transport process for the high-
energy proton is the slowing down process due to
electrons (electron drag). But, the electron drug
does not change the pitch angle of protons and
does not relate to the direct loss process of ICRF
heating power in LHD. These characteristics have
achieved 500KeV, or more high-energy proton pro-

duction with the [CRF experiment in LHD.



4.2 Steady state distribution function of ICRF heated protons in LHD

We study the steady state distribution function
of ICRF heated protons in LHD in this section. As
shown in Fig.4.3, runaway ion heating process goes
underway in ICRF heating of LHD.

The simplest model, which determine the steady
state distribution function, is built up by Langevin
equation.

% =(—p +a'v? - B'vY)u + R(t)

where p' is the coefficient for friction force, o’ the

(4.3)

coefficient for the runaway ion heating process and
3" the coefficient for a termination process of pro-
ton heating, respectively. R(t) is a random force

with the correlation coefficient D :
< R(t)R(t') >=2Dd(t —t") (4.4)

where the bracket < --- > represent the time aver-

age and 4(#) is the delta function. The steady state
solution of the Langevin equation (4.3) is given by

the following expression.

ald

. =Bt H o B g
f(r,):xexp{ T +4Dt, GD"} (4.5)

We call this distribution function as quasilinear
plateau distribution function (QPDF). The QPDF
of protons is formed by ICRF heating in LHD. In
the following, we use the following QPDF for the
simplicity(see Fig.4.4).

M 372
1) = an (o)
2 3
X exp —{§4(%) +%(§) }:| (4.6)
E = %M’u2
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Figure 4.4: Quasilinear plateau distribution function (QPDF). The Maxwellian distribution is shown in

the figure for the comparison. The high-energy component is decreased rapidly in QPDF compared with

the Maxwellian distribution function. The high energy component is harmful than useless in the p-!'B

reactor, because it generate the slow neutron by the side-reaction (4.11) and does not contribute so much

to the main reaction in p-!!B reactor.



4.3

Achieving the high beta plasma confinement is
one of the key issues for the realization of economic
fusion reactor. There is no severe constraint for the
machine size of p-!'B reactor, because p-!!B reac-
tor is neutron free and has no wall loading problem.
However, the achievement of the high beta plasma
confinement will, still, be preferable in p-'!B reac-
tor, to reduce the energy loss problem through the
synchrotron radiation.

The LHD magnetic field configuration confines
stably the high beta core plasma with two kinds of
mechanisms [17],][20].

4.3.1 Complete § = 1 plasma confinement
by surface magnetic field[17]

When sufficient heating power is applied to the
LHD plasma, bootstrap current flows in the pe-
ripheral region of plasma column. This bootstrap
current produces the magnetic field in an external
area of the plasma column and does not produce

the magnetic field in core plasma region as shown
in Fig.4.5.

JeoiL

Figure.4.5: Bootstrap current model and the
surface magnetic field B;,4 which can confine

the complete 3 = 1 plasma, stably.

This surface magnetic field produced by the boot-
strap current confines plasma itself. The magnetic
field produced by the bootstrap current can de-
crease the magnetic field that external poloidal
coils produces and can decrease the total energy
of the system. Therefore, bootstrap transition to

complete J = 1 plasma confinement is possible by

High 3 plasma sustainment in LHD

the sufficient heating power input to the plasma.
This transition is very similar to the Meissner ef-
fect in the superconductor, in which free energy
of the system is decreased by the exclusion of the
magnetic field in the superconductor.

Let’s consider the equilibrium of the complete
3 =1 plasma confinement configuration produced
by a bootstrap current. We assume that system is
axisymmetric and has no toroidal magnetic field.
In this case, the Grad-Shafranov equation reduces
to the following form in cylindrical coordinate sys-

tem (r, z):

a {19y
"ar (FE) *

where pg is the permeability of the vacuum and

8%y Op(¥)
52T = M oy

(4.7)

p(¢) is the plasma pressure specified by arbitrary
function of magnetic surface 9(r, z) (flux function).
In this case, plasma current is only in the toroidal

direction and given by

(4.8)

A numerical result is shown in Figs.4.6 and 4.7.

Plasma pressure profile is assumed to be p(y) =
poexp(—¢?).

P=15, Max 107 xexpl ~w” ) { KEVM' )

w, =35

R(M)

Figure.4.6: A numerical example of a equi-
librium of complete § = 1 plasma sustained
by the bootstrap current. Major radius is as-
sumed to be equal to 3.9 M. Spatial profiles
of plasma and magnetic pressure are shown
by bird’s-eye view. The boundary condition

is given by the following.

P(r, 2= 1) =np(F =292} =(r=49,2) =35
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Figure.4.7: Radial profile of equilibrium of the
complete # = 1 plasma. Flux function ¢(r,z =
0), pressure profile p(r,z = 0), current density
profile j,(r,z = 0) and poloidal magnetic field

strength B.(r,z = 0) are shown.

Figure 4.7 shows radial profiles of the flux func-
tion, pressure profile, current density profile and
poloidal magnetic field strength at equatorial plane
(z = 0 plane). Equilibrium is same to those in
Fig.4.6.

It is also shown numerically by 1D plasma trans-
port analysis that a bootstrap transition of plasma
confinement occur [13]. The surface magnetic field
confines a complete 3 = 1 plasma if input of
plasma heating exceeds some threshold value.

It is confirmed theoretically and numerically
that a complete 3 = 1 equilibrium is established
by surface magnetic field produced by the boot-

strap current.

4.3.2 Steep pressure gradient in periph-

eral region of LHD plasma [20]

Steep pressure gradient in peripheral region of
plasma column is preferable for a fusion reactor,
because burning fat plasma column can increase
the total output of the nuclear fusion.

LHD magnetic field has potentiality of sustain-
ment of steep pressure gradient in peripheral re-
gion of plasma column. The magnetic field line
in the chaotic region has extremely long connec-
tion length. The connection length of the diverter
field line which approaches close to the outermost
magnetic surface exceeds 10 km [30], [33]. There-
fore, the cold diverter plasma does not cool down
the core plasma directly. Furthermore, the chaotic
field line region can confine the reflecting particles
(particles whose velocity is almost perpendicular
to the magnetic field) [33]. The plasma contained
in the chaotic field line region prevents an immedi-
ate core plasma cooling down caused by the neu-
tral atoms flitting in the vacuum vessel (role of the
plasma blanket).

The lines of force that are slipped out from the
chaotic field line region reach the vacuum vessel
wall soon(see Fig.4.8). Steep density gradient in
peripheral region can be stabilized by the line-
tying effect of lines of force to the vacuum ves-
sel wall, in LHD configuration. Let us estimate a
pressure gradient, which can be sustained by the
line-tying effect of the diverter filed lines, according
to the textbook written by Kadomtsev (Review of
Plasma Physics, vol.2, p. 174) as "stabilizing effect
of conducting end plates”. The simplified theoret-

ical model is shown in Fig.4.9.
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Figure.4.9: Theoretical model of line-tying effect
in LHD plasma.

chaotic field line region is stabilized by diverter

A steep pressure gradient in

field lines connected with the vacuum vessel wall.

Stabilizing effect of conducting end plates is de-

termined by the variation of the potential energy
W_ft

1 vU\2 vU-Vp B} w\2|
bWy =~ = - — 22 (= av >0,
f 2/[“”’(U)+ = +m)(2L)E

(4.9)
where, £ is the displacement of plasma, 7 the ratio
of specific heat (= 5/3 ), A the width of chaotic
field line region, L the field line length to vacuum
vessel wall, U the specific volume, By the magnetic
field intensity, respectively. This equation gives the
following expression for critical pressure gradient
in chaotic field line region in LHD.

Picss AN T
o — | —7
Bg/Q#u L (SU
= 015 .- (Brers = 15%)
(L=15m,A=01lm,U=07,6U=0.2)



Atomic number Isotopes Melting point | Boiling point | Toxicity
5(=2Zg) 1B (180% ), 1B (20%) | 2,300 (C) 2,550 (C) nontoxic
Table 1: Chemical properties of boron
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Figure 4.10: The reaction cross section o and the Maxwellian averaged reaction rate < gv > for the

p-"'B main reaction (4.10).

4.4 Boron

Chemical properties of boron are summarized in
Table.1. Boron is ubiquitous on the earth, that is,
boron is included by 0.001% in the earth’s crust,
and by 4-5ppm in seawater. Boron is produced in
the form of the boric acid, the boric acid sodium,
and the boric acid calcium. Boron is solid sub-
stance with black and gray metallic luster. Pure
boron is a crystalline, high-melting substance hav-
ing very low electrical and thermal conductivity. It
is almost as hard as diamond. Furthermore, boron
is industrially used in various way.

Proton boron nuclear fusion reaction has two
branches (main reaction and endothermal side-
reaction). Main reaction is neutron free fusion re-

action.

p+ "B 3a + 8.7MeV (4.10)

If the energy of the proton exceeds about 3MeV,
slow neutrons are generated by the following en-

dothermal side-reaction.

p+"Bosn4+11C—- 28MevV (4.11)

The energy of the proton which maximizes the re-
action cross section o of main reaction (4.10) is
about 650 keV as shown in Fig.4.10-(a). When the
proton is in the Maxwellian distribution function,
the reaction rate < cv > of the main reaction
(4.10) becomes the maximum at very high tem-
perature (I, ~ 1MeV ) as shown in Fig.4.10-(b).
Then it was concluded that the ignition condition
of the p-'!B reactor can not be held due to the
necessity of high T}, of proton and the high z, of
boron.

4.5 The p-''B fusion reaction rate of protons with QPDF

ICRF can sustain the high-energy proton to the
optimal level for the fusion reaction. Furthermore,
ICRF can be controlled not to produce the un-

necessary extra-high energy proton, which produce

neutrons by the side-reaction(4.11). As shown in
§4.2, it is concluded that ICRF heating of LHD
can sustain quasilinear plateau distribution func-
tion (QPDF) of protons which satisfy the above



mentioned conditions.
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Figure.4.11: The fusion reaction rate of p-'B
of protons in quasilinear plateau distribution
function (QPDF). Boron is assumed to be in
Maxwellian with temperature T, = T,,/20. The
fusion reaction rate of DT, D*He and p-1B
of the equi-temperature Maxwellian distribution

plasma are also shown for comparison.

For simplicity, we assume following QPDF for

E (EN? 1/(E
7_+_ (R J—
T '\T 3\T

protons.

fw) = an (%)ig/Eexp

{4.12)
where « is constant
! {4.13)
Q= .
1.924206083857242 ..
and n is the density of protons.
n = /d%f(v) (4.14)

The effective temperature T,z and T is related by
the relation

3 1
g Ters = f o §M02 f(v), (4.15)

that is

Tett _ 0.9597353336680 - -

o (4.16)

The reaction cross section < ov > is given by

<ogu> = fd3vbjd3vpa (%MP(UP - ub)z)

[vp — vo| fp(vp) o (v) _
Tip Tip

X

(4.17)

When boron is assumed to be Maxwellian of tem-
perature T3 , the nuclear fusion reaction rate is

reduced as follows.

covs =, kD 8
VoL M, 7
X f z? d.’L’/ ydy o (Tpr?)
1] —o0
M . . 6
xexp{ﬂ;z%;(yw)z -yt +yt - ‘%}
{4.18)

where M, { My ) is mass of the proton (boron),
np (ny) the density of proton (boron}. The numer-
ical calculation of eq.(4.18) is shown in Fig.4.11.
This figure contains the fusion reaction rate of
DT, D3He and p-''B of the equi-temperature
Maxwellian distribution plasma. When proton is
in the QPDF, the p-!'B reaction rate has a max-
imum value at the effective temperature 300 keV
(Tp_esj = 300keV). The maximum fusion reaction

rate can exceeds the values of the D*He reaction.

4.6 Ignition Condition for p-!'B Reactor

Let’s consider the ignition condition of the p-!1B
fusion reactor. The ignition condition of the DT
and D*He reactor is also analyzed for the compar-
ison. The most fundamental condition necessary

for a fusion reactor to keep burning is given by the

following.
P, L .
W= 5o > 1 (ignition condition) |, {4.19)
B

where Ppg is the power density of bremsstrahlung

loss and P, is the heating power density by kigh en-

ergetic particles, which are produced by the fusion

reaction.

4.6.1 DT reactor
The main reaction in DT reactor is
D+ T -2 n(14.06 MeV) + o(3.52 MeV), {4.20)

and side-reactions are present.

D+ D — n(2.45MeV) 4+ He (0.82MeV), (4.21)



D+ D — T(1.01MeV) + p(3.03MeV) . (4.22)

We neglect the effects of these side-reactions in the
following, because of small reaction rate at the op-
eration temperature { T < 50 keV ) of DT reactor.

Furthermore, if we assume that
nr—=np = nr:/‘zE 1’1/2,

Tj':TDZTeET,

we get the following expressions

Pp = 1.537 x 107¥ a2/ L (W/m3), (4.23)
€

2 -
P, = % <ou> 564 x 1073 (W/m?), (4.24)

where P, is the heating power density by a parti-

cle. Then the ignition condition of DT reactor is

given by

Py
1 > = —
i Pr

92 25 v

_ 0.92 x 10 <0L>. (4.25)
T/e

4.6.2 D?He Reactor

The main reaction in D>He reactor is given by

D - *He — p(14.67 MeV) + «(3.67 MeV),
{4.26)
and there are side-reactions (4.21),(4.22),(4.20},
which are neglected in the following analysis for

simplicity. If we assume that

n 3
M3gfe — Nid = —2- T = 5?’.‘,,

Tige=Ty=T.=T.

we get the following expressions

15 .
Py = 1.537 x 10*3375712,/5 (W/m?®), (4.27)
[

2

P, = 34- <ov> 225 % 1072 (W/mb), (4.28)

where P, is the heating power density by protons.
Then, the ignition condition (4.19) reduces to the

following.
P,+ P
1 > ="
1.22 x 10% :
_ X <av> (4.29)
T/e

4.6.3 p-!'B Reactor

We can prove that the ignition condition (4.19)
of the p-11B reactor can not be satisfied when pro-
ton is in Maxwellian distribution function. There-
fore, we consider the case where the proton is in
QPDF (quasilinear platean distribution function
given by eq.(4.12) of effective temperature Tp_ o5y,
Electron temperature is assumed to be determined
by the power balance between the loss due to
bremsstrahlung and heating due to electron drug
of protons. In addition, it is assumed that the dis-
tribution function of the electron is QPDF {4.12)
of effective temperature T, ;5. In this case, clec-
tron drug time 7g becomes almost twice compared

with the case of Maxwellian distribution function.

3 1

57 Tpess - = P, (4.30)

1 T, 3/2
T = 0.647 x 1015m (-J) . (4.31)

€

where In A is the Coulomb logarithm (assumed to
be In A = 20 in the following}. The bremsstrahlung

loss is given by
Teey (W
e m3 )’

(4.32)
if electron is in QPDF. In the following, We assume
that

Pg =~ 1.60x107®x n (ZZny+n,)

ny=4dn,, my=n,
1

n, = (1+5)n, Tb:%Tp.
52—%2:0.1418588--- )

The density ratio (= 4) of boron and proton is set
up to the optimum value to maximize the value of
n (4.19). In this case, we can derive the follow-
ing expression for the electron temperature from
eqs.(4.30), (4.31),(4.32) .

zﬁ ~ 319.5 x

T, krF
- st (4.33)

Then the ignition condition eq.(4.19) for p-!!B re-
actor is reduced to
n= g

) 1022
_ 1.58 x <0¢>. (4.34)

1/4
(Tpersfe)’

1 >




The ignition conditions for DT, D?He and p-''B  shows plasma confinement performance n x 7 nec-
reactor, those are given by eq.(4.25), eq.(4.29} and  essary to keep the ignition condition { 7 : energy
eq.(4.25), are shown in Fig.4.12(a). Figure 4.12(b)  confinement time of core plasma).
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Figure 4.12: Ignition condition for p-!!B reactor. (a) : The ordinate 5 shows the ratio of fusion power
density P, released by charged particles and the radiation power density Pg by bremsstrahlung. The
region of n > 1 (colored part) shows that the ignition is possible. Abscissa shows the effective temperature
of the proton in QPDF. Boron temperature T}, is assumed to be T3 /T, 55 = 1/20. (b) : n x 7 values
necessary to keep the ignition condition { 7 : energy confinement time of core plasma). For the comparison,
we show the ignition conditions of the DT and D?He reactors, assuming that fusion plasma are in
Maxwellian distribution functions of equi-temperature. The electron density n. is given by n ( for DT
reactor) or by 3n/2 (for D3He reactor) or by (1 + 56)n =~ 1.7n (for p-'!B reactor).



4.7 Summary and discussions

We can show that there is a possibility to satisfy
the ignition condition of the p-''B reactor with the
combination of LHD type magnetic field configu-
ration and ICRF heating scheme of protons. ICRF
can sustain the high-energy proton to the appro-
priate level for the fusion reaction. We have inves-
tigated the steady state proton distribution func-
tion in ICRF heating with Langevin equation. It
is shown that the steady state proton distribution
function becomes a quasilinear platean distribution
function (QPDF). When proton is in QPDF, the
ignition condition of the p-11B reactor is satisfied.

One of the most important research item of the
p-''B reactor is dynamics of the fusion produced «
particles. When the o particle accumulates in the
core plasma region, the electron density increases.
Therefore, the nuclear fusion reaction comes to
halt due to the increase of bremsstrahlung radi-
ation loss. In addition, the a particle should heat
the proton to the fusion relevant energy. The en-
ergy distribution of the fusion produced « parti-
cles, which are generated by inverse 3-body colli-

sion process, becomes as followings.

8.7
The average energy : 5 = 2.9MeV

, 2
The maximum energy : 3 x 8.7 =58MeV

The population inversion of these « particle will
be kept in LHD configurations, because even in
the core plasma region of LHD, there exist transi-
tion orbit region, where lifetime of high energetic
particle is short. Population inversion of « particle

can excite a cyclotron wave with the frequency of
Cw = 2wen (= wWep)

by the injection of low power ICRF wave. This
cyclotron wave will be able to heat protons effec-
tively, and rapid exhaust of & ash will be achieved

at the same time, too.

The synchrotron radiation loss will not be a se-
vere problem for LHD type of p-'!B reactor. There
is a possibility of high 3 plasma operation and
the possibility of enlargement of device, which is
brought by no existence of neutron wall loading
problem.

Furthermore, there is a choice of coating the first
wall by MgB,. MgB,, which is high melting point
intermetallic compound, is good conductor in nor-
mal temperature and become superconductor at
38 K. These natures may be possible to reduce the
synchrotron radiation loss problem due to high re-
flectivity of the first wall. Furthermore, the MgB,
coating may also reduce the the impurity radiation
problem, because the atomic number of magnesium

is the smallest in a practical metal.

We describe another possible method of improv-
ing the power balance relation of the p-'!B reactor.
If the fuel injection is done with the boron dust, a
part of the electron will be stuck on this boron dust
(boron dust plasma). At this time, the radiation
loss from core plasma will be decreased.

FProton-Boron fusion reactor has following mer-

its.

¢ The fuels ( Proton and Boron) are ubigquitous

on the earth.

# Past neutrons are not generated.

In addition to these merits, the Proton-Boron fu-

sion reactor has the following advantage.

e Heat removal treatment in diverter is rela-
tively easy, because almost all of the fusion
output power is radiated by bremsstrahlung
radiation, as similar as charcoal is releasing

its energy by the radiation.
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