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Abstract

Rates of pycnonuclear reactions in ultradense fluids and solids and the associated enhancement fac-
tors are evaluated by taking account of recent progress in quantum-statistical formulations of the equa-
tions of state and phase transitions in dense matter. On the basis of these theoretical developments, we
explore outstanding issues on nuclear reactions in dense astrophysical and terrestrial plasmas, and
thereby propose a novel scheme of fusion studies in dense liquid-metallic proton-deuteron mixtures, cou-
pled with renovated experiments in ultrahigh-pressure metal physics.
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3.1 [IUBIC

HLDANLDT 5 A= LD TETHISEIRSD
BEE "BREA THAHY. ThiZKZEORME EK
E, MIFYL) Y, BUETEBE2HERME SE, £
DEECHABREN AL AN T -2 HF LW RV F—EL
LTHALL) EWIBETH L, BRE2EUETFE
RSB, Kk CHEDOEIZI Db B ERN 2
HBRETH L. KEBEECKELORD, FOHFLED
REEIEH1,500 , BERKI6 g/cm®Thsb, K
EROTRNVF—HBRIIH 4 X100 W T, 2OoLR
VE—RBEIHF-BFREEREEE L *He CELHK
S SHEAE (p-p chain) IZX DB S N 5.
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e ECTHEHLLD &, HLORBREEZ M5
PEETED SNTWS. IS W BB RE RS OB
EBRFINTH S, S04EEVEH 7o 72, 1958 4F
BRAY ak—CREEI N T8 1 BT EAF HE
Br&#, C, Homi]. Bhaba (4 ¥ FEFHEEAEER
E) 75 72 FE’ “The technical problems are for-
midable, but ... T venture to predict that a method will
be found for liberating fusion energy in a controlled
manner within the next two decades.” %*6 bR X
5 X910, BMEOEFMEEIZBEBWIZALRTY
7z[1]. La»L, BBV A VF—2 @K LE
5720121, 77 A& 1BE OB IRIRE I HERM
REFERELE SR, ZLT, 2015 2BEBRTS X
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T A< - B A EREE

IO BICDARELDDTHLI LD, 20
BOMEEBELTHL PR,

2 DDFEFMAENNIE D SBEOSHEE y (10718
cm) NCTEOHBEBFELYVEI L, FOERDIC
KBTI R CHAMA ISR 5. BTEICIZEN
WEBHERNPEHL DT, ZRIZHIBHEDL nw HOE
WD 5720121, RELEHETIZTAED
UTEWEZEOPY)HbREEO B, LzdsT, =
ANF—RRI TGRSR LZEL 2012, BER
RELERLERTAZ LB ELEL SRS,

HET T AW E P MRS (thermonuclear
reactions) X EHH IS (pycnonuclear reactions) 7%
FIEEISNZHEEZZOWE ORBIIHKET
5102,3]. BEBEWER TTH NS ERRESHEE
R, KEWNBOZRKIER K% # EIC - a sun on
the Earth’ % &3 1EMALS (ICF =inertial-confine-
ment fusion) TR H WY, EOBKELERO—
DOTHLIBFEARTINETHS (B18E). RED
BIESBRYWHORERICL —F—HERo#EkzBELSbE
5L, MEEBSEAET COEBHYIIG L B LR
R2HMHT 5 EHE %M I - a supernova on the
Earth’ &% X 5AXX([2,4], BICiib, EHOWHENE
SRADDHH L BRETIR RSB HH 5.

3.2 BEEWEE & ERBEREE

SHALT Y (BWH:Z, BE im) 28L75A~
THRICHY BV, BT L ) B s~k — 1
AOBBHEEEZ ¢;0) TET. ZOoEGEHEIZ
Schrodinger H#ER;

hZ d2
"2—#;@4‘ Wij(")‘E]f‘ i (7) =0 (1)
LA, Z2TWy =22 %/rid Bo) r—
BYRFryI v,
m;im;

M= m; + m;

BREEETHD (my=1.6605%x10"2* g : the aver-
age mass per nucleon) .

T XD ARG B g5 (r) &gy () |7 1T
L, TOWwRBEIWHEOBE HEHRBIKE ST
5[2]. BRIGEICEER D BP0 Mg =s
(contact probability) &, BSEEE N TD g;() @
HVC B 5. BHUSHRL, 2813 %043 VR
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i = 2{(4nne) +(47me (2)
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LVRBZPCE DT, BEROREICHZo TS
Dol Ty, YA LVE— E=
(i/2) F TEHRT 2 BT B M O MAERIZ, Schrodin-
ger FREKX (1) D@1 SL, EooTpE)>1Lh5k
I THIBAEL,

VEg/E
exp(n¥E¢/E) —1

p(E) =1¢;(0)|*= (3)

LEEENSE, CCTEAINRAEBE—TE (nuclear
Bohr radius)

hZ

Z,UijZiZjez (4)

¥
rii=

&, FRIHBET 527 EY (Gamow) T AN F—

_zz¢
- )
7

Eg (5)

24
~ L7 2.2
~49.6(Z.Z;) . [keV]

&, JEEREES — 0 Y EELORRICH 7 ) RE R R E %
bORILEZANVF—TH5.

(5)R? p(E) REFHA 7 — v FERE % B X 8y
LHERZBIRT 5. BBULKER o5(E) 5, 7—n1
YRACERT 2 ZOEBRFEZ5HEL,

S5 (E)

Elexp (w/Eo/E) —1] (6)

03; (BE) =

TEHZEND S5(E) &, HRISHEED S-FHF [5,6]
DT oN, BEFRHRICERORSHELBRT 5.
O SHFEZEDHICE, BIAVF—4E MeV &)
TEMWSNAUSKHHREZ 2, (6)REHAVCTRAY
B EOBBLEITZE CRBEIC T 2K 2OV ¥ —HI~
ET 5.

LB UDBEETIE, Sy (B) X E 2w Tws<
D EELTHEETHY,

-
e

S7(0)
S(0)

S”(0)

S;i(E) =5(0) |1+ S0

1 2
E+ 5 E] (7)
CLERTAHIENTESL. KBLANY Y LADOFRMNAEZE
CROBFIEBRBICOWT, BSKERETF & Ed

72O BHBENDL T RVF— @Q; D%, Tablel 12777
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Resear ch

ISR 3. BESIAOBBE =3, i
Table 1 Nuclear reaction cross-section factors and the energies Q; released per reaction,
for isotopes of hydrogen and helium [6,7]. 1 barn = 1072 cm?.
Reactions S(0) S’ (0)/s(0) $”(0)/5(0) Qj
(MeV barn) (MeV ™) (MeV™2) (MeV)
p(p,et ) d 3.36 X107 % 8.04 — 1.442
d(p,y)*He 2.50x10~7 31.6 _— 5.494
d(d,p)t 5.29X1072 0.539 72.6 4.033
d(d,n)3He 4.97Xx1072 3.42 85.3 3.269
t(d,n)*He 11.0 13.8 1.246 X 10° 17.590
He (d,p)“He 6.32 0.690 1.06X10? 18.354
ptp—~d+e’ +y,, s S (E)
d+p — *He+y, BB = ET B (expimVEe/ B/ BEY] -1}
d+d — t+p, (9)
d+d — *He+n,
t+d — *He+n, LEEXEITILNTES., 22T
SHe+d — *He +p.
B=Z4¢ _ o 1uzz (——*—) “lkeV] (10)
TZTC, et,n y v ik, BEF, PHTF, FUm, * Dy TN 107 [em]

Za—bY KT,
BRI SN ANVE— ECjMORFHEBMEeT
HHE, SVHZ D EBRICR B OBE L,

7

wi(E) = 1+

0 (E) v
anij (E) v

~ (1+ 0y) E[exp (tVEG/E) — 1]

(8)

TERE &N S (Kronecker il & i3 i+j & i=]j®
La X)), CoEBERSES, B A VF—EHE (E
—0) T, BEEEMICEARTLIIEICHELLS.

3.3 EEERARD

SRARE R EBMATIE, SEOBTRVEFERO
77— YR HFEO—FThabb—EKL, BAMERLHH
TN D B, 1959FEREWHEE AGW. Cam-
eron[8]1, EFEMIC L ISERMAEZELHK
i W % pycnonuclear reactions & &3 7. O
G TEE RAERTAEFYIYE owos 10 D,

WEBTROERES2 D, 55, ZOESIE, v4q
TF = FAVEEEIEGG)REEFT A— 552
BHADRE OMAGDHE, Di=a/K, THZOND. &
TEBAE T COBRISHER 6°(E) 12, (6)TE#H
Inh7: Sij(E) HWT,
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I, ERCIAINEF— 2 B%RT S,
COBRTEFHREZEDD L, (8)RITHIET 2 Hal
TS A

s (E) = 7;S; (E) v
W (1+aij)'\/E(E“I"ES){eXp[ﬂ'\/EG/(E+ES)]—1}
~ 2O 2 (- EGED (E-0)
] o (11)

%%, COEEIPLHLPR LS, ERUGROM
&, B A VF—HHR (E-0) Th HR ¥ 5.
(5)e 1) XD h 5 E<LEg 5K Y 720D T,
POBSIZ—ICIEFINE REZ LY, ToMITBREYg
B LEREICH RET 5.
CEOKRFBRMNEROBRIGEIZOWT, (8)RKE
(DR oM#EE Fig 1 IRT. TRTCOBEET pu=
60 g/cm® &L 0, BHEFR (p-d dt) TREENSFH
EWHEL TS, EfE D 12, #h®Fhn 2.6x107°
cm (p-d), 2.7x107°% cm (d-d), 2.8 x 1072 cm (d-t)
THY, BEFEECLZ2DTrOELIZ V. L Lk
HEBVHEEBEICRLRDLDT, E¢/Es DIE5 512k,
HEBEFODROMILET AN X —FIR TR 5BV %R
T REEAEORERZO\EB I ICEH IR TV,
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TR - AT
20 r T T T T T T
10 b d-t (S)\\;%.—;‘;..
o
P-4

d-d (S)

log {reaction probability (s ~1)}
N
<1

LA
L]
-
o
-30 | H 4
7 & (0)
J oo
‘40‘ .I " T
IR O
_______ N4 ] )
S - :;/p-d )
-60 f L L Loat L L L
1 3 5 7 9
log Eqy (K)

Fig. 1 Probabilities for nuclear reactions in a proton-deuter-
on and in a deuterium-tritium mixture with equal mo-
lar fractions at pm=60 g/cm?® as well as for those in a
deuterium matter at the same mass density as func-
tions of the center-of-mass energy in temperature
units, Ecm (K). The plots - p-d(S), d-d(S), d-t(S) -
refer to Eq.(11) with election screening; p-d(0), d-d
(0), d-t(0) correspond to Eq. (8) negiecting electron
screening.

BB WITERE & X v OB Z RV Y= V54T
A LT, FPHME 2 AERIC L 2EEOB
OB (BAAED 20 0T —Hh) %, kKO LSS
BETsZLITE B[3].

n11
1+

P (/me T) Qlj <0'1le>

2 nim;

Qu 1+ 8 Su (Eeff) \/ ”/lukB

X[w (/Jrn T)R (pm T)+W1J(Pm T)R (pm T)]

(12)
Z 2T,
owrs E, tanh(z/9s%)
T _ j S
R i (pmy T) - 3 eXp{ Tij + kBT 1’12]/9811]
el
B _ 13
X [1 tanh(zfij ?sﬁ_ (132)

\/ EEBT
Rewr D=V s T

D,
_ s 13b)
X exp[ ”\/ 7% (1+ nkpT/Ey) ] |

BISREI T

19994 9 A

_ n2Eg \ 173
e 3( aksgT )

” 3 T 1/3
::33.72(2&%)2/3(39ﬂi>1/ (AﬁvA44~*) (14a)

My 10 [K]
3 \/ D, (14b)
7’ ij
F7,
. _ exp(— T§/3/?T2/3)
wij (/Jm' ) 1+6XD[_2(Tfi_3O)] s
w5 (om, T) =1~ w% (om, T) (15b)
_21E, [7%
S Arnkg ' D

=1.97x10°VZ.Z;

) ) 0w

COA)RTERINLBELERBEL L5, Zh
& o = 2s; OEBEPLFROOENT. TR VBVEE
TIRGEE$ (152) RAT(I5b) K2 EE L, BRIEHET
(1Ba)REFRHF LT 5. T>T ZBMBEFISHHED
ZIMEEBRTH Y, ZOBRE, BRSEW2)KZFmD
TE T OBKBE ISR L,

*7‘ ERIRE & DRV ERERAER (T<T,) T

%, (3D) XDBRIBE(12) ROEFEHEL 21,

2055 (0) 7%
Ps(om, T) = WWH
D Dy
X\/ﬂ*sexp<—:r % > an
/e ij 7 3

ERENAD. BFUBRITEEICERERT, BELLIIC
WK, BEEE u; OBA L L BICEHT S, p-d b
DERAKFTHOBEBAE OBGFEIC R B2 O3 OB
2 5.

3.4 SESIAXAYTHOBERICHEEDNR

ZZE TIEBRBAORRRE L UTREFEM O -4k
DHEEZTE]z, LA LRIBICEET 2 B3Rk
KT FAHOMDOFEFHL S 77— v s ECHEE
MALE2TWS. ZOBF B AHBIZI RIS A
ORELZ 2L, bR, CHEBHR 25 &R &
#£71" DFETH B LFERKIZ, DTICORTEBERSENEK

NI | -El ectronic Library Service



The Japan Society of Plasma Science and Nucl ear Fusion Research

INFEER 3. BET I A OBRME =, deir
ity 725 LdH%5b.
J%E% b7 BT RN . o 1 kT’ (om 1) | w5(pm T)
BEWE T, BW Ze Zie kb0 2 00RTHEIE —= = : (22)
rTp 3ZZie D,

W (Zi+Z)e DRFRICHMET HBEZEZL. T T
OMEMEFILFERT v v ¥ V& pine(Z) EECE, K
BRI COMESEH B B ROV ¥ — 0TI,

AF%= pint (Zi+ 75) — pine (ZD) — pine (Z) . (18

TEEIN, BE TSI A~<WEORERIFES OFHIiIC
535, #1EELHO OCP A+ VERERIE 18
(9) Rk BE, AFS=—-1.057(Ze)2/a LEMHENS.
ZDEHIZ, BEWEDRTIE AF I B OEEL L 5.
CHhERENRODHObINTHAH. ZLT, AF Oift
SHE LB IBED 1/3 FICHBILTKREL LS.
BE 7 — 1 AR T O R PR ERS AR 516 B
M ogi(r) O r=0COMIIHHTEI LI, TTICABX
7o. ARG AEECE B U MR 2 ERICETE TSI
i, EvFarvak (B28E 208K TlEAEDE
TEBETHEIDROFESIANRTH 5(2,10,11]. Zh
LORBEERAET S LI3], BEZRME SR A3

Bz ANVEF-Ea18) R, chboRE2ELT,
HEWER CTOMRBHEER L BRIIERL TS,
DR TEASNEYZ — O VBRI, 813(3)
AR 2E (10 X2 BT ERPLEA 4+ V2 EFTGRITH
BLZDDTHSE. 22)RD rrp 1E, HRITFENEFFT
B RO R BT 5. ORI
BETHIZRENFENZ P AVFRICLLRERD
%Y, ZODICEBREERO/NIVIFANTH .

EEEHA K EEOMIE, BEOWMKD S5 Widik
BORDE L DHIZEBITHKRTS. OCP £ 4 ERER
Wkal, Af=exp(1.057) &% 5. Lo, B
FROIEPTFELZIABRKREFLBOLIHIIC TOXR
&k (50=71<180) &% (GAKE) WETIE, 20~30
Hid Wiz 2D LOBRISBOMEIFHISING., I
B U/T BT 20T, MEOLFE L HICHERI
BRT 5.

i, 3.5 FHEBLEOBETIXYHERE
PEQQ2)RXE QRO REBETSLE, TTA<H
A3 (om, T) =exp (&) 19  OBBAREER
ZZT Py (pm, T) =A% (pm. T) Ps(pm, T) (23)
y=Hy0) exp] - 352];%_ (= THR NG, RELEREC B HHRAMEE
OB E D, B2 OB E LB L T Table 2 127
xb—a%@%?—&%%@%ﬁﬂ} 20 T3], A5 BERST I A OBREHE TS F oS
! b TAWER A F VPR () RTH - R ERTET,
* 7> OCP o1 & (2) R T 5.
774 o ﬁtﬁczﬁﬂﬁ:‘é Jnijé 91z, KEH.LE< ICF @
1&=éﬁmwﬂ—a%i), (21) 7oA, HlmE (4D BEHEEe (5<D) R

BIZH Y, BRGHEMRETED RV (A5<L).

Table 2 Thermonuclear (Solar Core, ICF) and pycnonuciear (White Dwarf, LMH) reactions.

Solar Core ICF White Dwarf LMH
reactions p-p chain d-t 2ci2c p-d
pm (g/em?) 156 5 9.0%10° 20
T(K) 1.55%x107 5.0x107 1.1X10% 9.7x10?
Ajj 0.02 0.002 0.594 1.28
I3 0.05 0.005 51.8 242
log;oA5; 0.03 0.001 23.1 43.8
Pii/pm (W/g) 1.X107 1.5X10%® 1.6X107° 1.7X10%
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A. HEZEROERBE R

HERERLEOBE - BELMET, BRIS (2C
+12C—2Mg +13.931 MeV) DH#EAFIC X 5 RHDSA
BgEhs (FiZoa—- 1P /BRICES) AV~
BE@Z5E, BIRBRO “OEFR - BRENS
Z%. Fig.2 3113, BEREZWEOBEWAEIEE 21
B3 5HM L, Py/pn=10"° W/g % F£3 & Hiw
72b0T, TOMBPEEROLMEBMBRRAT L. K
AT T=T; R INLDT, ThUTORE (K
Wil L) T, BEBEHENERNETOERDRICLS
BRSNS EEIC R ., ‘

Table 2 ®“White Dwarf” #iZ, Fig.2 Lo “2” {2
W5 (Dg=2.6x10" " cm, Ts=8.2x107 K). A&
HRIIBBRAETH I, TORETSS A<, HEHl
W (4;=0.6) WA (I5=52) REIZHY, #23
MO INERENAZ TN TWDE, OB KR LR R
BRITE, BREICELD “OEFRR PEITEwC E
iZ, HoTh 5.

B. EEEL2EXRORREE

BE®HAEEKFE LMH = liquid-metallic
hydrogen) HOBBIEIIZEICIE, BT  ERTRICS
B BB

p+d — *He(5.40 keV) + 5(5.489 MeV)

9
~10"5 W/g
8.5
<
= 8r
o0
L
7.5 [ b !
; _-- P B
et i
=TT solid
7 laez? P i
8 8.5 9 9.5 10 10.5

log pyy (gfem?)

Fig. 2 Phase boundaries of dense carbon matter for the
fluid-solid transitions and. the lines at P; (om,
T)/pm=10° W/g, an approximate condition for the
nuclear runaway. The thick lines account for electron
screening; the thin lines negiect electron screening.
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19994E 9 A

THWD, BRISEBRYP RSO R 5
(clean)’ TH5HZ &, MBEEEIVNEVWI L, EBERE
W2+ k& we & (Fig. 1 28), %L TR
HI T OB SR S BARE N FRETH D Z LR
COBBAEFROENTH 5.

HERAER AR P OBBA X, BI B & kI,
BEIN-BESBERIEEHVLH LG FRT
b, BLREFEORAKEBARE TR, KRSHEED/:
DEMWETFEROEE T < T SHRESR, BTRO
ETHRO-DOBELBENTAY IS 55200282 5K
ERfEE LY (BE2EEAHA), ZhoORF0HTIC
bB L EBUSHEENTFHENS. :

Fig. 31, K¥F - EARREGSEWE O BEWAHE RS
PWETAMR L, Py/om=10"% 10% 10° W/g % %
FTHME#H N2 D THS[3]. Table2 @ “LMH" #i
(Ds=3.2x107°% cm, Ts=3.0x10* K) &, Fig.3 ko
“27 1T A, BEBRBAGSENT T < T A0 722
DCTHEARFGE Py ZIREICEBBRTH 2%, SBs
MEITEEMENZERMET S, L L, EMcESRT
% LB FIRB OIRIEAR F Y USRI WA T 5. Lz
o T, AELBAMERIPIESNZERIE, LY
IR OB LB MM (Py/om = 10° W/g) 25

3.2 10Mbar 100Mbaf | o .
metallic
3} fluid
moleicular :
- 2.87
)
/
o 2.6 A 74
=) /.
241 ,/,isentropé 1
- -//’ solid 1.ar / mol:ﬂl.;ar 1
L/ s
2.2 Py ‘ . AL
1, i . LN -0.9 -0.8 0.7
2 /i ' ) ! ) Iogplm(g/cnﬂ)
0 0.5 1 1.5 2
log py, (gflem?)
Fig. 3 The phase boundaries of dense hydrogen-deuterium

matter with equal molar fractions for both metal-
insulator and metallic fluid-solid transitions and the
lines at Pj(pm, T)/pm=1072, 105, 10° W/g. The isen-
trope starts from the white circle “a” in the insert,
ends at “b”, makes an insulator-to-metal transition
with 48w >0 and 4Tw=0 to “c”, and resumes the
isentrope in the metallic regime. Initial (in the inset)
and final paths of compression-and-metallization
evolution are depicted by the dashed curves, with
the final state designated by the open circle.
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RS

WARSRMICBE LS.

Fig. 3 1213, FREEN-BKERBMHIRE a” (T=10
K, P=10 bar, p;n=0.135 g/cm®) 25 HIREL “b” 125
THEFELY Y-, " ~NOERERKERER,
SOLREBEAMEBICOVLET Yt u ¥ —ilRoH»
NTW5. BBEHEICL ) EEZRENEIEINS 20
DUBEEMFE THRENI OIS EEIHRET
Frryiub—mRL) EERMCNETSZ L TH
5. IEOF “1~3" &, Thooftkto LR
505, Wi#EHFr 2 CRE - = b ¥—24M4my
HEBMBRIBDTPIE WV, Lo T, MHKRE @
P OKREWEOEMZ 30 AN, EMEE L S
# (~1.2km/s) & D-FA/ANSREIZHZ, HRED
AR E ENCHE ) NS E BT 5 2 EHWNEATH 5.

Fig. 3 LD, T OFKMICHE WITBTE R EB R
oW T OREMHTRE R & BIR$ % [3]. BHEG60 kg, #)
#0.095 km/s DEMR T T, KB “a” 1&H 5 Hy-D,
BEWH (10.6 mg) ZJEMT 5. HOBHIZH> T3
BL, W10.3 ms 2, MHhOHALTEINRETEH
R (P=1.5Gbar, T=1,260 K, pr, =37 g/cm®) 125%
5. COREHREINS p-d BRIAZ AV -
12 0.83MJ] T 5.

HMEESEAEYIICB ) 2 ERBERWEH TORED
#ERICLY, BFERECHESh L BEEDE o
KRR BOBERRRIRAS, H_EDEERE T THREE X
NAHWERESEE N, BEEMAIE, SRS E B

The Japan Society of Plasma Science and Nucl ear Fusion Research

3. BETSI AT OBRE

1051

—H, Ay

WRWBEOW S 280U 2 REMOMERETHS.
ZLT, COMEERYSOLICHEBESELIEIZLY,
DEHEZ I EIZ, LADFH LuBREFRD, b
BRBWFETIERL, BERRORED "S&/F" &
BAHLWERBAFRE LT, BULEESTL 5.
AREHLAICH720, BREOHEBEICOWTRE
THREER B LREBRAER, SR RE T
5.
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