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Abstract

It is well known that some metals can accumulate hydrogen or its isotope in high con-
centration. In this work, quantum states of hydrogen in metals are studied theoretically.
Nonlinear screening effect is taken into account using density functional formalism. This effect
has an important role in this problem because it cuts off the long tale of Coulomb interaction
between hydrogen ions. As a calculated result, the minimum distance between two deuterons
in Pd are 0.66A, which is smaller than the value for the molecule 0.74A. This suggests that
d-d nuclear fusions may happen in Pd. However the distance 0.66A is too large to penetrate
the potential barrier by tunneling. The tendency of deuterons to clump as the Bose particle
has more important role in this problem. The Bose-Einstein condensation (BEC) may induce
nuclear reactions in solids. The equivalent linear two-body method is used for the calculation
and condensed states of deuterons in Pd are obtained. As a result, the critical temperature of

BEC is about 150K for the case of trapped deuterons in vacancy cluster in Pd.
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Dynamics of an Impurity Hydrogen in Magnesium

Abstract

The dynamics of impurity hydrogen in magnesium is investigated by using the pair po-
tential technique. The pair potential between hydrogen and magnesium has been calculated,
taking account of the non-linear screening effects of an impurity hydrogen. By use of it, we
have calculated the energy profile for interstitial hydrogen and the force constants between hy-
drogen and magnesium. As the results of them, it is found that the minimum point of energy is
too shallow to localize the interstitial hydrogen, and that the coupling between substitutional

hydrogen and the nearest neighbor magnesium ion is very weak.
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Table 2.1 The lattice data of magnesium used in the calculations

Bohr radius ay = 5.29177 x 10~%cm
Lattice Constants a — 6.0646a,

¢ =9.8461ay
Atomic Volume Qo = V3a’c/4 = 156.81a,?
Effective Charge 4 =42
Mean Electron Number Density ny = Z/Qy = 0.01275a,,°
Wigner-Seitz Radius r, = (3/4mn,)"* = 2.6552ay
Fermi Wave Number kr = (37%n,)"* = 0.7228a "

Thomas-Fermi Screening Constant krp = (4kr/may)"? = 0.9593a,

IITr, IR T EEREL, X, 3B TRERT, £, VO 3ERP CETARET
ZEREAF L OERF LA THY, ZITHERT Y Yy L2V 5, R (24) OAD
BLEHITAKRFA A L BEA T L OMOEREZ Coulomb EEATH V., H2IHITK
RAF ORI ICHFERINEEREFELBEAN A OMOHEEERZRL TS EE
25, BRT v LTIZRATE 22 Asheroft B [25] Db D Z2 AW 5, Thid

0 for r < R,
Vior(r) = (2.5)
—-2Z/r  for r> R,

DEOIBRFEELTVD, (AAZHR) 22T, ZEBEA A OFHEHTHY, MgDH
HFlE2THSH, /o, RIA—F—R BV ZHVWTHELEBEEFO 7+ V58
BIMR (A5 BB NERT— 42 L<ERTALICEDLND, 74/ L SHMBROE

EFEBRLRERAVAILERD D0, RFFEIZEB VT Taylor 2.8] OXEZH W5, & Z
5T, Asheroft [2.5] IZ R, = 1.39.a.u. P’ Mg+ O BBRZBRTLIOICEL THD &
HWELTWD, RFFEIZBNTE ZDOEZfE > Thep Mg #&F @ [0001] 5 M & T [0110] 5
BHUZOWTEHE R AT, ZORE% Iyenger [2.9] 12 % 5 EBR{E & 212 Fig.2.3(a) RO (b)

WWaAd, TNERD LHEFRIERT 2 I<HHTETWDIZENb2rD, LI
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0 1 2
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Fig. 2.2 Deviation of electron density around a proton from mean density n,;
solid and dashed lines correspond to the case of a proton in magnesium (r; = 2.66)
and in aluminum (ry = 2.07), respectively.
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GIEAT v T THD, LERSTKEAA L EnBEBOREA L L OBONTRT

X¥NWIER =ty —1,| ZAND &

+ !
V(R) = ——@ / dr' An(r / A6~ R) (2.7)
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Fig. 2.3 The phonon dispersion relation for hcp pure magnesium metal using
R, =1.3%a.u.. L and T mean longitudinal and transverse modes, respectively. The
experimental data of Iyenger et al. [2.9] are also plotted in the figures. (a) [0001]
direction, (b) [0110] direction
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_1dV(n)
V()
K = — (2.9)
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/

AR FRICEL Tix, X (24) %

Uly) = Y V(ru—ra) (2.10)
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Fig. 2.4 The pair potential between hydrogen and magnesium.
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Fig. 2.5 The force constants between hydrogen and magnesium. K,; and K, mean
tangential and radial force constants , respectively.

6.0412a.u. TH D DT, Fig2b5 B W TZDHFTOMEL RS & K, = —0.0814 x 10*dyn/cm
EOK, =0.148 x 10%dyn/cm %% %, —F . hep Mg & FIZBIT D Mg A A v HOEE %
AT BB M O FEHE Collins [2.10] 12 X 4UIE 0.9 x 10*dyn/em. Slutsky [2.11] (2 & ALiE
0.978 x 10%dyn/ecm TH 5D, ZOEIIARFRTH LI AKFE L Mgl HEFIZHE L T
REWDOT, BRAEAKFRIZZOZEMEMETIENRYVBERICEH TELLER 5,
MgH DEABKZOZEGITIXN(210) DEFREZHEL T XA F—5HE5HEL
7o, FOEW D EHIIr, 20 &+ 5 FF16.5au. DN E L=, #HEIZFig26 Rz L
BRI ~VIETCKEOMBEEEZ RN OIToT, ZORRERLFig2.7(a) ~ (¢c) & R
5 EEMV EIZH D Tsite & EMAM EIZH D O site DFF BB/ R > TWD Z LR
Do £To, TND2ROEREICHLIRT oYy VOINTEMRLT EI2H 5 LTS THER
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TOBZFESERVICIRTCHENLIZZOBIZH 5 KT v L O IX 0.36eV 2 E DK
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Do TNHDZT L XY cEZIG-72 TT R RO FEHED OT M i A T-O-T-T-0-0 X 5 7
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TWRWHEDEEBIZL>THEVRELEDLLZZLEFRWVWEEZ S, LML, HHEHIZ

self consistent (ZF DHELZEATHIONREFT LW EREbRh 3,

Fig. 2.6 hcp lattice.
The energy profiles along the lines I, I, ..., IV have been calculated. A and O
mean O and T sites , respectively. e means each lattice point.
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Fig. 2.7 Energy profile of interstitial hydrogen in magnesium; (a) along the lines
I and I defined in Fig.2-6, (b) along the lines I and IV, (c) along the lines V,
VI and VI. In (c¢), A and o mean O and T sites, respectively. And in (a) ~ (b), r,
means the length of each line.
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Fig. 2.8 The potential map of interstitial hydrogen in magnesium on the plane
which contains -O-T-T-O- in the unit of Ryd. The characters ¢ and a mean lattice
constants. The meanings of every character are in accordance with Fig.2-6.
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Interaction between Two Neighboring Deuterium Atoms in Palladium

Abstract

In this work, the nearest neighbor distance between two deuterium atoms in an fcc
palladium lattice is estimated by taking into account the effect of an electronic screening
cloud. The lattice is assumed to contain a deuterium atom at the nearest neighbor octahedral
site to a vacancy, and the potential energy field experienced by another deuterium atom is
constructed by a pair potential technique. In this resulting field, the Schrodinger equation
for another deuterium is solved, and the distance between two neighboring deuterium atoms

is estimated. The estimated value 0.66Ais smaller than the molecular value of 0.74A.

3.1 [FL®HIC

i, Z< OWEENPAFOEARRZOZEHCEHLEZF > TVD, RERL, AR
KEZAA (31,32 LBABRT I LARWLALTHD, ZOMBEIZEW THERICHE
BREWEIIEKZEHOZRERHER O L0 THLINEVNIZETHD, LW H DT b
VANVHREN LT EFR SN DEKREOKBE RIS E OEREICIEE ITERFET 50
LbThod, ZTOMBIZBWTEHROIEVEEL RS, £THELIC, BEXKRA AV ITEE

EFICHLTHEWEES LY, BERETFTELZFET D, F212. EXKBAF VIEFIEFICE
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WO BEFHERNRIREPBEERRFTH D, B3I, EXFBEAALVRENESL D
I FHRICBWT SR AR—ABRKETHD, RFETITIINGEZEE L TCPdFDE

KFBAF N ONWTHIZE L, BEAXFZEROKEHRBELZHETE L7,

Fig. 3.1 The fcc palladium lattice containing a deuteron at the nearest neighbor

O site from a vacancy

F9, Figl.lIZmT X972, fcc PAETHOZEET RO ERIITED O site ICEKEE
ZREL. EZWLCH I —DDHEKREEWVWLHEORTFRAMEEERICOWVWTE X
o ZIZT, BERFRITHECBEPNIEEKRKFASA A DO E L LEEFENTWEEKSFEA A
VORBILHFEELBLIEMEREL TV, FILCBINZEKRORT NFH BT
E L TDIRDENL Schrodinger FRREZMS ZLIZE-TER L, ZOHFBRAH TH
TWBINTZEKRBAF L BRETHRT oy L2 XA F—FEID-D K D-PAME D 2 {k
RF L VICLoTEIBENS, D-DEIO 2ERT Ty ld, BEEEZ Coulomb A

ERAOER TN Z55D 2 R ERHFIC L H1E[3.3,3.4,35] 1575, Jones & [3.2]
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TERARE B BB IEMERTICLAD LARNWI 2R L TWAR, KB
RTCEZHDEBRDRIIBEDOCEEDEFIZLALDOTH D, D-PABDOXTHRT v )b

ELTIHAAETFEF-T-EBE&RIZET 5 Pettifor [3.6, 3.7] DR T v /&2 HWiz,

3.2 D-DRF7ERFUI¥I

AHETITIV 2 VLR OMNEBErY RO CEPNEZ2BOEKAKZROXTRT
¥V Vp_p % Khon-Sham [3.3] DB ENEHETHE LEEFEELZEE L TRD -,
IIT, VUL LIERRERA AV EBMBOEDII—EREBRONNY I 7T U
RELTERYVFE-EET LV THD, AFHEOBE, TR 1IEOREREE VSR8
EL,. FEZTOEFHMERD, TORBA L B & L2 o0 pmaEREGLE,
INEFOTC2EOEBKRROFVOETFHAE Lz, ZOFIEIIEBEBEINE WL &
BEPRKESRBRDIREERHDND, BT U VBB TH S 72 DI EIXEEICAR
5, VU U LDOBETIBEPIOEEEFOFEHEFEEL L, FFRETOPdD
BFEEITA DL RBE L TWAHER, EFICRD L 4dEEDTVWEZI0EOE
DN BB ICLAH L TIEEEFLERDEBADLND, Z DfEIT Pettifor [3.6] IZ & -
TN, =084 ThDHIERBEENTVND, LMo TRESN A 1EYEY OEEE
V & U /=B Wigner-Seitz 2 r, 1Z 4nr3 /3 = V/N, £ 0 r, = 3.05a.u. £ 725, ZhERAWT
HEZITo7, Fig32 Pz V2RO IBEOBEKBA A OBV ICHFEINTZETFD
S An(r) % EROFECTHRELEREREZ R T, COLICHFRENZETITEEN L
Coulomb HHEAEA ZEHR T 27- 0, 2 OEKFBMOMBEEIERICKH L TEEREE & R

T, RIT self consistent 72 AN 7 T ¥ )L & Fig.3.31ZRT, T2 T, ¢ R P @ lTFNE I,
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BELRUOEBMHEBERT 2L THY ., FOFMM

Vveff = ¢8(T)+¢xc(r) (31)
DIEICHEIRTF vV ERD, £, BEBERT YL

s(r)

— % + vs(1) (3.2)

D L 9 ICEBERZ Coulomb KT >V ¥ v VEOFBESNZBFBIELRT 2%l ur))

fdr2An(r']))/|r —r| DFaCEINDE, 22T, 2ZOROFAFIEIZMANTVWAEEHET 2
BERFEMAZRZRA VD20

Bt D THO =R X —DOHEMIL 1Ryd.=13.6eV TH 5

COETEH-EBLTZIOEMNRZRZHAWVS, (A3ZR)

o1 f

an(r)

Fig. 3.2 Deviation of electron density around a deuterium atom in palladium
jellium from the mean density n, normalized by n,

QEDEAZA V2V TLAFIZENWEZZ LICEDARD XL —DOE(LITEHE

N

B R CEB AL X = ODFEICHHEINDS, ZORNBETRLF—DOE(LIT

AE1es r17 1'2

(3.3)
Z |r—r’|
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(Ryd.)

POTENTIAL

Fig. 3.3 Electrostatic ¢, and exchange-correlation ¢,. potential affected by elec-
trons around a deuterium atom.

DEHICETD, 2T, T 2@EOEKRICH L THLN, EELZBIT 57201 5 & h
FTTHD, £/, i BEBOEAFELEFOABM A MIIEAEOFV ICHEFR S NIZEFHM
An(r—1) EAVT Ap(r) = Anr—1;) —6(r—1;) DESICEESI D, =77L, 22
TIEMEBr ICRETI+1IMORERD Z & § Dirac D delta B A AW TER L Th 5,
X (B3) BN Tiddelta BIEH 22 S L. An(r—1,) b An(r—r,) bR U0 A%
THLELDTHLZILEZEBRTDHLEHIZ

2An(r 2An(r — r))An(r' —r,)
AEes(ry,15) = ———— —2 ' 4
(xy,7.) —r2| /d |r—r2| //dd (3.4)

v — 1|

DRICET D, 22 CHAF2EEVIEENB) BT du, EAVWTEEDI D, &

2

v, — 1]

AE, (r17 rz) =

— 2u4(|r; — 1y]) + /drAn(r —1,)vs(r — 1) (3.5)
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EET D, RIZ, RBHEE T R F—DE(L57IE
2
AElzc(rla 1'2) = /dI‘ [fzc(no + Anl + Anz) - Z{fzc(no + Anz) - fzc(no)} - fxc(no) (36)
i=1

EETD, 22 TAn T iBROEXKEORAVICHFRLIEEFOEETHY An(r—1;) &
T, £72, fL F1EFRBHEB= R LVF—e,, ZAWVT f..(n) =e.(n)nlZ LoTEREN
LEETHD, Anldn, THXTHhEINWEEZLNLHDT, KB HD [ xFRINTE

BFEEAOIROEETRRAL TGEBT S L, 61
AFEg.(ry,r,) = 2/dr¢m(r —r,)An(r —r,) (3.7)

DX S REERN LD, BI1BR) 22 Topeldvee == 0 Lo TERSN DB LA
DT re(r) = vge(no + An(r)) — vge(ne) DL I IR SINHBEHETH L, KIZ, RE—FT
[AEDOEH T L F—1F 2(3r2)*° [dr(n(r))* DL ORI Nh L (B2BZR)DOT, Zhx

RAns LEHT RN F—DEDIE(3.6) L RKOBEZET
AFEyin (v, 1,) = 2/drk(r—r1)An(r—r2) (3.8)

5K§éhﬁoKW]::Tkﬁk@—n):@ﬂfﬁ“%+Ami_hHm_n%]@i
EEBEINDIEHTHA, LLEIZ /\fk_J:jfciAEes AEQEC&U\AE]CW Mz 5L

Vo_p(r) = ; — 2u,(r) + /dr’An(r’){vsﬂr —1'|) + 204 (Jr — 1'|) + 2k(Jr — 1'|) } (3.9)

D& BREEEREr DB L L TOEKERORTRT Iy VB RED, ZZTHEE
1 HIFE#EZ Coulomb HHE/ERZRL, F2H1IODODEKFEA A LB H 1 ODOEK
RORVICHEELEETLEOMEER, E3HIT1DOEKROAVICHFREL-ET L
L)1 OOEAKFEORAVICFRLEBETLOMEEEAEZRL TS, ZOFE3HEHITIEK

z=r—v|ZHND &

Vo_p(r) = 2 2u,(r) + 277T/cl7“’7“’A7z(7“’) /|r+ | dr z{vs(z) + 2¢.(x) + 2k(x)}  (3.10)

r r—r!|
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DEII, BEESOH DN 2EBY THEL I IR D, ZHAEROEHRELZ BV
EdThD, ZITOHEORKL 255K (3.3) R (3.6) 72 X1t Cu RN H D AR FIZ
DOWTHEENBEEICESWIEAEE LM @A L7z Norskov DE 5 [3.9] LEL DO b
DTHD,

KBIVEFHAVTHELEV, , 2 Fig34llmT, ThERD L, 3O0EIXr B K
ELRDEBBELTVDZ LR DND, £, F2EPFERE 2TV, p ICRT b

HENTELZLEBDNDS, ZOHFRFFICES, EOHMFITFEDL TLEI 22T D,

(Ryd.)

D-D PAIR POTENTIAL

2nd

Fig. 3.4 D-D pair potential
2nd and 3rd terms are the contributions from each term in eq.(3.4)
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3.3 D-PAdRF7HRFUI¥I

Pettifor [3.6, 3.7] I3 4d BB ERBOERT L Y VEAdBTHBHRA A VG EET
FICEFS LIRELTRDT-, LER-T, EiRSh-8BRT >y

1

Vear(r) = B exp(—qrp7)Vanr(r) forr <r, (3.11)

DEHIICETD, T I T, grp X Thomas-Fermi DEHEREE T, £, Vaur 27 7 4
VITAYIRT RN ERL, X FOaAT ORI A= —% R L, PAIZX L Tidr

=1.79a.u.[3.6,3.7) Th 5, Zhx 5 & D-PdEOEXRT > v v ik
Vooralr) = Van(r) + [ d'Sn(r')Vaey (jr = ') (3.12)

DESTETD, 22T, FUE2HITIBERPIA AV EEKBA A ITEoTHRESN
BEFEOMOMEERZTRY, £/, F1HIIBEPIA T L EKRKFEA S - HOESE
HZEEEREZRL, KO2200RICE-TEEREEIND, (B3SHR)

27
Viir (1) = - exp(—qrsr)

C )
- exp(—qrr7){qrrr cosh(qrpr) — sinh(grpr)} for r <r.

27
Viir (1) = - exp(—qrsr)

C .
- = exp(—qrrr){qrere cosh(qrpre) — sinh(qrrre)} for r > r. (3.13)

FMRADOEIEIZIPADAAIENLETODEFVBHSIZLAHLTLESIRETO D-PdH
OHMEERATH, Z=10 TH D, F/-., F2HEIISICN,BLAHT L OICHET 2%HA
RV, B C I lim, oo Vair(r) = 2Ngexp(—qrer)/r BV LD X HIZED BN D, =

(3.12) 1T (3.10) L AR, ZHz=r—r|ZHWVD L E BT

1 r+4r!
Vo_pa(r) = Ve () + . exp(Grpre) /dr’r’An(r’)/l drxz exp(—qrpx)Vaur(z)0(x —1.) (3.14)

r—r!|
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EETD, TITOIEFBEBEDOAT vy 7EAETH Y, Pettifor D~ 7 4 T 4 VRT3 ¥V
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VRMT(T) = (315)
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DEIIEEEIND, RBI)EANVTRDEZD-PAFDOXT KT > v ¥ V% Fig.3.5 12
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Fig. 3.5 D-Pd pair potential
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3.4 PdHOEKZEDOFEIRRE

BIBI THMELZ RS- L 51T, KFFETlLfec PABFFTOERFENLRIEIED O
Site (ICEKEZBEZEDLREZBEL, FIWXLI1ODOEEAKEZFZEWVWTEE 2R EHL
Rz, TOEE, BLOEBENINTZFOEKENELDRT v /LT R F—FET R

T ¥ HWT
d(r) = VD_D(|r—roc|)+Z "Vo_pa(Jr = 1p)) (3.16)

DEICETD, 2ZI T r XU i3t N, Osite ROnFBORFRZRT, £
oo FRNZT T A DTN TV D DIFERFRZMNLRZIEEZEERL TS, 20D
FREICBV TR, K (3.14) I2B1T D2 EHRE F exp(—qrer) DT OIZE SITHERE F THRFM
FWLHENENRRONTZ, xEICHR-THERREL Fig3612, £/, xyFE L TOHE
HERAZFig37I2RT, TRHE2RZE BOVHFOEEXRTCERNLE, ZoHFIX, 3.3
BHTRHRRZEI RV, , DBNEARRERERS>TTELLDTHDHEFEAXD, BbLHID
HPOEICEKEN M HEShRNIE, be bl OsitelCFEELLEKRE L OBEBEM0.66A &
5, ZhiEd%mbb, Pd FOEKREOKBERENBE O Dy 55 F O ER 0.74A %
TESDZ L ZEWHRT DA THRERREY

RT L xNVEZRNF—FORTOEKZEOETHFRRIEDLIEVIZ
{7%V?+wﬂ}W::Ewu) (3.17)

D X 57, Schrodinger FRRXEZELL ZLIZL-THNLNS, 22T, RF+HEMAEZH
WEHTeH, BT RN F—DHEAZBEKZOERELEFOEEDEM TH-THD, 20D
KZ& 3R Fik L L TIEIEERE F11E (numerical relaxation method) & 7z, =

D FHEZ R VIZHAFE L7 Ok Kimball & Shortley [3.10] TH 0, HICEAHAIEWVDEH T
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Fig. 3.6 Potential energy field experienced by the embedded deuterium atom.
The plot is taken along the x axis.

t Puska & Nieminen 311 2¥MEA L TV 5, ZOFHEICBWTEERBOMIIKRD 225D

RERAEICHEDVIELTHEZIZIE N S,
ntl ik
n+l 1

gro_ L T WA fige — (6 + Md>®5) U7, ) (3.19)
Md? Y (P )? .

ZIT, THEORAFFIIRTERMT CHBMICERZFHERZTL, LFEDRAF

TRV RLOBIEEZRY, dIIHERROBEREZTRT, AEOHEE3THE bEMBIC
BB R Z M7 T, dIZAMICELT—ETH D, £72. fin FRRNIC L - TEES N
Do ik = Wi + Ui+ e + Ve + Pk +

IO KRS REREZRTE=0.011Ryd. TEKENHFICHES W BERIELNT,
COWEBEIANF—DFRAEIHFOETH D, HHBEEITO site (CHRMNDHoTEHKR

FECx-y FEHECBWTFg38IlRT IR FEELTNS, ZOXIREBATET D
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Fig. 3.7 Potential energy field experienced by the embedded deuterium atom.
The plot is taken for the x-y plane.
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FROFHEIZIMD 7N —T HiT>5 T 5, 72 & 21X, Sun & Tomanec [3.12] X EE



3.5 #EEm 31

Pd

Fig. 3.8 Wave function of a trapped deuterium atom in the potential well.
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HEEEFFOKRKBELSFEROIFE-TND, ZOZENBROEVICKBLTNS LE
bbb, LinL, RFETORFRBEOWMOVFVEEFEMEZEREL TR TIE
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A Possible Mechanism for Nuclear Reactions in Solids

Abstract

One of the characteristics of boson to clump deuterons in palladium, which is caused
by an attractive force, supplies kinetic energy to deuterons moving toward the center of the
cluster. On the other hand, repulsive forces between deuterons in the cluster reduce the
tendency to clump. The deuteron with kinetic energy determined from these two forces may
penetrate the barrier by a tunneling effect at the center of the cluster. In this research, the
transmission coefficient and power density generated from cold nuclear fusion are calculated
as functions of the number of deuterons included in the cluster. When a non-linear screened
deuteron-deuteron pair potential is used as a repulsion, power density for clusters that include
24 deuterons are 10.8 W/em?®, which is in line with the experimental results by Fleischmann

et al.

4.1 [XL&HIZ

1989 £, Fleishmann & [4.1]1ZPd P TORBEEMAE 2 "B T 5 EZREREER L2,
F7o. F4E., Jones H [4.2) bRAFEOHEZ Lz, Z NIk LATE TxR L7 [4.3] TIE 1991

FERKBEAACOBRVOBFEBPEETHDI I L xEM L. IERBERD Rz BRI
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AT DI Y 7o T ELER 9 72 o B Thomas-Fermi O R 7 1 3 ¥ v K O FEREE AR 7
IRV A3 B EERECHNEEOFEICAV ORI,

Bush ® ¥ > A kU — A O E X Feynmann [4.5] DR OSEIZHFKT S, ” T TIIN
BORY U HNEET DI, b9 1EORY 25 5HRIT, FELRDSTZBEO N+ E
%, BRCBEDRFDOFENS I —DORFEHBLIMELZRELTDH, 7 ZDOHIZHOW
TIF42 THAT S, ZREXRBLIOCHNEEOHREIZ43 THAT S, £, BEEVY

EE1T4.4THRARSB,

4.2 EFIRILX—

Bush 44] DFXIC b H DL HIICEBRFTOEKFEA A T2 D Fermi b F 7> H ALY |

Bose Wi T & AT ZENTEHOTEETAHEREZF S, ZHIEBushic Ihixr 7 X
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2 —DEBICHFI LB HichERT S, 20O Z % BushliZ v A U —HEFHL
F,(Ry) = — QR (4.1)

DEHIZRLE, 22T, QUEBEEHETH D, £7-, RyIFERRD 7 7 A X —DHEET
Hy.

4
TR = N ppo (4.2)

Lo THRESND, TI T, r [ TMERERTHY, 772X —PHNT1ED Bose KLT 4% 5
HDELEETHD, ThbL, NEODOBose i TR EFE > THEER, DEREEL L EX S, =
DA NY =0 EBEr, B T, EEf 25 N7 2 8 O Bose $7F [ @ Coulomb X 3 77
EDOVESEEZD L
on = - [ s
WY LD, ZZT, RyII2E D Bose FL T 07D 7 T AZ—D¥EETH D, £72. V(r)
IR r 2B CCBCRART VX LT D, HRER, IO TERENPOREEND
BEAFEOBSE,=023ATHBHZ L, Bush 44t Lo THEShH T3
HLLBAOENDHNIZL > TEKRKBENED Y 7 RAZ —DOREIEHL D FLIZAH2T

WS ELREEE, ZOAE FETRIE, BAETRLECEH B
0
B = [ F(R)R (4.4)

TRENDEHTANVFXF—2/LI LI D, TOHOFIITHERRENbEEND N
& Th D2, Bush & Eagleton [44] ZIREHEZER L THEZITo72, 72055 IR
AN =S OB EEXT
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ELEBREIToT
Ek::iQR; (4.6)
o = ¥
AFRIZBOTEERBENEZEB A L2V THERZITo 7, 2L, WERFDOZ T A
Z—DHTOHRETHLDOT, BROZELThHd, RENOHNFEOEAFEIZDOVWTK
RS, 7T AZ—DFLICH o TEEB T L2EHAKROFLIDL DEBEN R TH 5 E,

EH L TWLEKFICSTOMODEKRENL DRI

Via(R) = [ p(R)V(R - R|dR (47)

R'<Ry
DEHSWCETD, 22T, pBFEKRKEOREETHY, VIId—dBOFRART Ty

ThdH, CORTUIXYNVDOWONREHERDIET72OT, TOEMNEMEINT, R

(4.5) 1%
SR) = Fy(R) = 4=Viow(F) (45)
LRk D, 2 (48) B (44) ILAAT B &
B = TOR — Via(0) + Vi (By) (4.9)
2E5, C D CHIB2ERUIEIRENELER LD LIL A2 (4.6) KT S METH

BLERD, B, ZOHBECBNTRAT) FOBKEOREEILpR) = p, = (47r3/3)

EIRE LT,

4.3 BEFEHBRUVHNEE

BEMOEKENEHTRNX—E, TRAORT ¥ Vin) OBBEZEZERT 5 &
bRV E X

By = V(r) (4.10)
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DEENPBRE D, (C.1Z3R)ZDEDOFEERRET IE Wentzel-Kramers-Brillouin (WKB) 1 {E
[4.6] = L X

T = exp(—2G) (4.11)

DEHICETD, T TEHORSE®EHEr, 210 ARETCHLZERNMENT WS, B
KENEREZZBE L-BITHe WEKRSIND EEZD, TOBEONEOEKEZED Y T X

A—MmOlRHEInd =L F—I%
P, =v—"_JTE, (4.13)

WEoTREND, ZITrIFARERF., ELRZ0oBERBICEI>THREEN D =R L
F—Thd, ZNDHDOEIZBush DFHX [44] FTIXE, =384 x 1072 K v =10"s"" &
SNTWVWD, ZOvEARY T I ARBPTHD, £/, N(N-1)/2 I NBEOEKSE
MOIRDH I TAZ—DFRNPL2EOEKFEZRSEAEDETHD, 12OPdA T4
O nEOEKEEEALVEPAETREOEEL Ve, EPdA AV 1IEL7ZY DED S
EEEV, LT DEPAAF U DENQ W E Ny =V,oy/V, TEZBND, ZZTPAIKTE
$a=38ADfccHBELRHDTPAA AV 1IELEZY DO EDHEMTV, =a®/4 5K
5, FLENBEBOEKENGRD I TAZ—DE N IEN, =nN,y /N THEx 65, L

oo THABEIZRADO X5 RFBICET D,

NP, vn(N — 1)TE,
- - 4.14
T Ve 2V, 1y

ZZTn & LTIEBush [44]iZHET, AMETH 122 HW,
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4.4 #HRERUER

AHFFE TIEE(4.9). (4.10) R T*(4.11) IS E#H) 72 Coulomb R T Ty /L RN 2 FEEH D
ERAT vy v 2@A L TEREREHNEEOHELZR AT, ERAT Uy lidr
M/NENE XTI Coulomb AT ¥y L EFEALRUEZL TWAOTEEKTIXZE
DRT TNV bIFEALRUEREGEZX DD, N-BEKFES 7 AFZ—D¥E Ry I 1H
BED LT WVEREWVWDOTIDOEEERSRT vy Coulomb RT v /L LT -

TR e5 x5,

4.4.1 HEEMLZ CoulombRFIvIL

XU KROCUATN)DRFRART iy & L TICEERNZ Coulomb N7 ¥ ¥ y)L
Ve(r)=e*/r VD LRAEERITQ=¢/2r3 720, Ry > RIZBITDHZXRT Uy
S

R2
Vietat(R) = 2me*p, (R; - ?> (4.15)

DEITET D, (C22R) £, XAz LEBT LT —IX

2
B, = — N3(N*? — 4) (4.16)
87,

DESICHETED, T2 CTHIOEINNE2ENAMEICB O TENPNZRIEICHEY
T5H, CNERADEEIEIN<STRIIRAZENRDLND, THROBENNNIWVETZZ O
FMENBRTERNI R DND, B KO, OHBEFBERIIMOFECL DD L —FEI

Fig.4.1 X M Figd 2l RSN TV 5D,
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4.4.2 Thomas-Fermi® EfART> v

Wiz £ < #1537 Thomas-Fermi DR R T v V2B WD, ZOKRT Iy Lk
Wk EK by Z FAWVT

62

Ver(r) = 7exp(—kTFr) (4.17)

DEICEEEIND, ZNERXU3)DODFART Uy VE LTERT S &

(krpro + 1)e?

Q= 2 exp(—krpro) (4.18)
4dme’p, 1 .
Viwt(R) = [R - (RN + —) exp(—kreRy) smh(kTFR)] (4.19)
k2R kre
k 1)e?
E, = (TFT80—+)66XP(_;€TFTO)N4/3
To
3e 1 sinh(krproN'/?)
- N3 —) N el V) (4
Kopets? (To + Forn exp(—krpTo ) l NG (4.20)

/5, (C22M) £/, X (4.17) KUK (4.20) K (4.10) IZRAT 5 & HEHIZ b x

VR BRED, LITAT, ERREE by OEIX
krp = (4kp/ma,)"? (4.21)

MBRED, TIZT, qlEBohr ¥ETH D, 72, kp (T Fermi i TH V| Pd(4d'°5s°)
DEEIZ R S>TZEBEOBBHEFN s N FOEFEHEN, LOPdA A 1BLE 2R ED D
TV, ZHNT

ke = (37N,/V,)"° (4.22)

Wk VEHETE D,
N, OfE & L Tix Pettifor [4.7, 48] LW U084 ZEMA L7z, Z® XK 912 L T Fermi 3
ROEHREREZFET S & kp=0.629a.u.(=1.19A") & O k;,=0.895a.u.(=1.67TA~") 215 %,

IITRHIOEEERALE, B, ORERZRIIMOFEICLD LD L —FEICFigd1IZRL
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Table 4.1 Transmission Coefficient T' and Power Density p as a function
of N with the Thomas-Fermi screening

T

p (W/em?)

oo

10
12
14
16
18
20
22
24

1.1 x 10718
5.2 x 107"
3.8 x 1079
8.0 x 10~
2.7 x 10~
2.1 x 10=*
1.3 x 1072
1.5 x 10=%
5.1 x 1073

1.2 x 107%
7.3 x 1072
6.5 x 107%
1.6 x 107%
6.4 x 1072
5.5 x 1071
3.9 x 1072
5.0 x 107°
1.9 x 10-¢

oo TNZRDEEFIN<TIZBWTALRZSTWDLZ R DND, £72. 1, D

B

RERLIT VMO HTEIZ L DR L —FEICFigd2 I d, FRRET ROHAEE pioxt

T AHHEFBEIITable 41 ICTRENTWVD, ZOFRERD L pIINDBREL o THIKK

ELTHERICNEWETHD Z L3 bn s,
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Fig. 4.1 Kinetic energy Ej; as a function of N. Solid lines are the results by
applying Coulomb (C), Thomas-Fermi (TF) and nonlinear screening (NL) potentials
to eq.(4.6). Dashed line is the result with Bush’s (B) eq.(4.9), which has no repulsive
term.
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N

Fig. 4.2 Tunneling point r, as a function of N. Solid lines are results by applying
Coulomb (C), Thomas-Fermi screening (TF) and nonlinear screening (NL) potentials
to eq.(4.9). Dashed line is the result with Bush’s (B) eq.(4.6), which has no repulsive
terms.
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4.4.3 FBRBERBRZEEL-AARTFRTFOIYIL

AWFFEIZ I Tid Hohenberg-Kohn-Sham [4.9] % UF Kohn-Sham [4.10] © % LB £k
CEDSE AMMEKREORVICHEESNIZEFOREE AR OCBEMRT 2 ¥ L Ve

EHE L, ZOEBP VB3RO XSIZ200EOMTRIND,

‘/éff = ¢5(7“) +¢mc(r) (423)

ZIT, iEBERT LYV THY, ¢ IXBHEBERT ¥V TH D, ZOFBER
TR NMTIEIBICERD2ENG D,

62

os(r) = — - + vs(r) (4.24)

ZZTHEIEITERERZ Coulomb RT Iy THY, B2HED v, TFHFESNTEFITL
HEMDRICLDIWEETH D,
METRLZMAIOPTEINSDFEFEEKREZZEBICANTAAdNTRT ¥

NV ZHE L, ZHERRICI>TERIND,

2

Vaa(r) = 67 — 2u4(r) + /dr’An(r’)[vsﬂr —r'|) + 2¢,.(Jr — r'|) + 2K ([r — r'|) (4.25)

ZC, BE1IEIZEEANZ Coulomb RT3y LV, B2HEIT1I DODEKZA A &
FHINEFEFLOMEER. E3EIZ1DOBEKBICHEBTAEF L LY 1 DOEKE
BT 2EFROBEERZ =T, 2. B K I

K(r—r)) = 3m)"{[no + An(lr — )] — n,**} (4.26)

DESCEREND, 22T, FHEFHEEEIn =N,/V, CL-oTERESN D, ZOH

BARWD LA Er, RO, CEKZBEZBWVW -2 LI 2EH o2 L F— DB

AFEyin(re,1t5) = Q/drK(r — 1) An(r —ry) (4.27)
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DEIZETD, TITHELE An, Vg ROV # T4 Figd3, 44 R U 4.5 (17T

I TCIIERAERGREEE L TRODEV 2R ART vy E LTHY, K
(4.9, A1) KT A1) IZE>TE,, n ROT 23 E Lz, BEIT XX — B, 3o Fik
THELAELDL —HICFigdlIiImanTW3d, ThERDEN>4AOBENEIZR-
TWAHZ ERbhb, Prprimr bOFEIZL>THAELLE D O L —HEIC Figd.2 1
RENTWD, £/, BBRBRETROHNEE pid Table 42T RENTWVWD, 2z R
HEPIEIN>2IBETTHICKRELS AL Z N2 5D, R (416) BTN (4.20) 2R3 &K
(4.9) 1AW T A INTE —Viptar(0) + Vit (By) W E /NS S TWD 2 &2 d, 20D
MBIV Vi ERAIRT v LTEEBRIEREVD, Vg 2 VBRIV, 2h
EFigds bbb L0V NADELZROEBRNEFET L LIZL D, AIETHE
L7eEETHRAZEY, K (4.25) OEDFE2ER Vy ICHFRTELRRE L RoTW 5,

ZOHFOEDOES BADEBIZH =D,

Table 4.2 Transmission Coefficient T' and Power Density p as a function
of N with the Nonlinear Screened d-d Pair Potential

N T p (W/em?)

oo

10
12
14
16
18
20
21
22
23
24

8.2 x 1079°
1.5 x 1072
6.1 x 10-*
1.2 x 10~3°
3.0 x 10736
3.0 x 1073
1.6 x 10=%°
2.6 x 10>
3.6 x 10-%®
4.6 x 10°%
3.0 x 10-%

9.0 x 10~
2.1 x 10~
1.0 x 1077
2.4 x 107"
7.0 x 107
7.9 x 1077
4.7x 1074
8.0 x 1073
0.12
1.6
10.8
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40

An(r)/n,

2 4

r [a.u.]

Fig. 4.3 Self-consistent induced electron density around a deuteron in palladium
normalized by mean electron density.
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potential [Ryd.]

1 2 3

r [2a.u.]

Fig. 4.4 Static and exchange-correlation parts of effective potential around a
deuteron in palladium.
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A v 74
9 0.4 dd TF
o
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>
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r [a.u.]

Fig. 4.5 Nonlinear screened d-d pair potential (Vy), Thomas-Fermi screening
potential (Vrr), and direct Coulomb potential (V).
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4.5 #EiR

Bush & Eagleton [4.4] 1X Bose Ri F 238 £ M ZEM L. > A MU —H o s
ENHEHTRALFXF—DONEKFEHIZEZENZ, LALZIOFCEIWERTFAIRKELD
DEPEAIN TR Npol, RFRICB W TIEBushOR 46) ICZDOHEEZHEAL T
XM@Y EZEHEN, TLTWVLODDRDFART VXY VERWTHELZRA L, EKEA
FUBMORFRART et LT, BEERZ Coulomb RT vy VEHAL L, N<8T
E,.<0tRoT LEOCNDB/NIWVERHZ NV RABEREZ L2002 ERbrole, $72.
Thomas-Fermi DB ORT 2y LV EZRWEEBELN<TTE, <0&oTLEN,
WO NDPNSWEZIET P RXAEPEZLRWVWZ LR o7e, ELT, LEZANR
RKEL RoTHpIE WL TRELIFIRLERNVI E bbholz, THICH L, FEHREER
HREZEEL CHEEZRADENSAITE, >OERVHNBEpL N>220BEICRD L
BIEFRRERE L 2> TL D2 &R bholz, LER-T, FRBERONRELEEREL TF
HNRT eV EBATNIEZOMBELZBRTED Z END1rosT,

RBRICHEBREER A CTOHEBEREERZELTAHD, ZTOHE Table 421287 L
72X SN =24 DFFp = 10.8W/cm?® & 72 1) Fleishmann & [4.1] D EBRER S 1FIEF—F L T
WD, ¥72, K42 ZHAVWTN =224 DHREDEKFEI I AZ—DFELZHEL THh DL
0.66A THolz, ZhEPAdA AL B OREHEM o/V2=2.75A LI L TH 5 & fec Pd #

FHROERFRTOINETFTHEDOREEDI FAZ—ZNETELHIERDLND,
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PdHRDBFRIEANTHDEKFD EFIEFED

5.1 WFRMAIZE T2 Bose s

Bose-Einstein Condensation in Defect Cluster

Abstract

Several studies have been performed on the possibility of Bose-Einstein condensation
(BEC) caused by the trapped deuterons in the ion trap device. The defect clusters in solids
are quite similar to this ion trap device because they can trap deuterons. In this work, the
possibility of BEC caused by the trapped deuterons in the defect clusters in fcc Pd is studied.
The equivalent linear two-body method based on the approximate reduction of many-body

problems by variational principle was used for the calculation.

51.1 [FL®IC

B Aol Bose T HA A2 b T o7 [5.1)(D1BB) NICHES hie %02k
Hamiltonian i3 @B = RV F— A A M T v TRELEHHIRMMART vy VR
B F F 2@ < Coulomb R T » v/ 672 %, YEKim 5 [5.2, 5.3] 1T equivalent linear
two-body (ELTB) method # Z O Z{ERBEICHEMA L TEEREBORSBERZEH L /-,

AR TIEKm OB/ ELLTO ZAICB W THER LEEN T O Bose-Einstein &

(BEC)IZHOWTHEBE LT, ¥TH 1. BERNORFRMEAIELERIRRAA A Ty
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TR, RTF vy VBB ERE L CHRMIESREZHE L, ZhE2AVW5 L&
WFREPICHEESRENBOEKRZEASA AV ICHET AEEREBORBELNEOND,
ZITHRYVHESBRFRBIEINS OPDORREAFEELIZLDOTH LA, DX 9 22 KIE
O RIRE X BT Y. N. Osetsky & [5.4] RH D -T2, £7. R.V.Mendes b [5.5] (345 F &
DOYA FPNTOEKEAFTVOEFEREEZRVFE->TWD, AR ICE T L5HETE
EKPOA AL b Ty THRNTORGEERVF ST bDTHY, THA b O%A b, HKE.
KM DREEEFELR Fo72, WICE2OHEBERLELTIDL S RERIZEBWVTBECH
BELIGAOEBREZ L HAONTZRANLRDZ, ThERKD D 72DIZ1T Bose B 1 D
BEEZRODILERHDIN, ZNE L TEHEEREOESHEK N OCEH L BT
BBE Az,

5.1.2 EBEERARTORZRIZHT 5 Kim DEKDEH

AN Kim OEGmOMEZRAT D, HOWFA T P Iy TBELIRT vy L &
LFRBMAT v B Lz, LERSTIORIZINBEOREBRFHHEIL
7= 3% & @ Hamiltonian %

hQ N

_ 2 mw 9
7L_2m; 2 @+Z

1<J |rZ ]|

(5.1)

DEHITETD, 22T miFAFOBLEEETHY, T BFBBDOA AT DAERY k
NTHDH, BHIXZDRICESFERBIZESSELIBEZ#ERA L, 20Xk 5 %L KRE

DOREEREXME -0 FEIC LT
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DEHICETAHN, ZZTplk

N\ M2

» = (2) 69
DESZETHHFH = 2EHTHD, (5.2) RFDOKENRE ¢ 1

h:_§%£;+£%@N1§N4%%m§p &ggséwaij (54)

ho(p) = E¢(p) (5.5)

AW T N ERTES, 220, GAHARFOEIEIT G RNFOE 2 HIZEERET

HIZEFBESH LN, £ G4 RXRFOFEAEHIT(5.1)XNFTOE3IHIZERL TEY,
(G4 RFEIEROCE 2EHIGL)RAFPOFE 1 HICEKRTHZ L HEHTE S, (D25#R)

— RIS T DX D R FRAREATE S = /2 R0 =2E/lw kA5 &

(__@i + 2?4 ﬁ% + %>‘¢@ﬁ = ¢¢() (5.6)

dx?

DEHICEELIND, 22T, p KD qliZ

ﬂwz ANT (3)
3\/%F< (N— 1))

DEICEBSNDIERETH D, o IHMEEETTH D,

KiZ, Kim DHEHOBENORE~DOISEHIC OV THARS, (5.1) RO (5.4) Rk
WTHAMEEA A b7y TEBBIANICBWTEBNICHEE SN HRT v
Thd, BENOBMETIIZOBEIIRES L ER M A 4L OBORIRT ¥ L

HNHAET S, Z OB Hamiltonian 1Z

:_fiivz ZZe2ex1|>f({fK|§r~—ri|> G | R
g — Li

i i<j v — 1y
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DEHIZET D, 22T, R I EHEETFOBravais i§ 77 M Th O, ZZRMEA 4
DEDERCTH D, EREAICIE (5.9) RO 2 EITRESREF OKKMEOFLATICR O TIEHE
PENCAFIIR L 22D, ZOZLIEROIIICHATE S, 5.9)RNDOE 2HD i BT
EREsAMEA A AT

3 Ze? eXIrI({—IEE{r — 1) =3 Ay (7:) Vi (6, ¢) (5.10)
j ] i Im

DEHIZEEATE S, b L ZHUBNEAFIETNITRRAICKIT 2 XERNREIZI=m=0

3 TH Y
sinh Kr; « exp(—KR;)
Aoo(Tz)%O(e ¢) Z€2 KTi ; Rj J (511)

DESIZHETES, ZORITBWTsinhKr/Kr 1ZX 51T

- 2

sinb Kr-_ -y B gy (5.12)

Kr

DESICERATE S, LIho>Twx

Ze*K* —~exp(—KR;) 1

DX SIZEET NI (5.9) ROFE 2 HIT Kr 28/ S VB constant + smw? ;12 LRI TE
GLHAE2EELRAULELRD, ZOZ LiE, B9 RNE2EN pZEMICEHBLINT (54) K
BIHELRULUBIZRDZILZERKLTWDS, —FH., BI)RNEIEL pZERICEHRLTYH
ML T exp(—klr; — 1) 23 2 72012 (5.4 KRB ATEE R UFITIE AR S22\, p 2B

WTZDLX) RERODBEBEK L ICL->THET LR TE, GIYRRBKRRDL D 2

ZEORICEH/TE 5,

(i + o+ B+ L)) o) = cot) (5.14)
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fr(z) =3(N —1/ df sin 0 exp (-k/ 2k = sine) cO8* 1 0 (5.15)

DEIICERBTED, TIHDZEOERITIUTOLHI>IIZLTTES, T _HFFRT
X NVDORY, ol — ) B pERICEBRT L 2EEX D, TOBR, XE[5.3] © (B.5)

XKEHAWSEUTOXRDO X HIZET S,

__NUV—1H( M) Ve .2\ 05
Vi(p) = \/%F( — )p3/0 drr v (r) (1 - %> (5.16)

7= & %1E, Coulomb HEMEADOHBEITE=0THYH, GAHARFEI4HELRALBORV(p) %2
B, £z, ER 7z Coulomb AR DHZEITEA0TH Y. Vilp) = Volp) fulp) &

Do

5.1.3 #HERUER

AHFFRICEB W T fee PABRF PR ORMEAIZW S ONDOEKFEA A BB S LR

DELTBfEZ# RO TEE LT, HFEEFIKRDO LS fEHETITo7,

(i) (5.9) NP OEELR K DEE L TE2/dyy ZFRWVE, 2Ty digy HERKED H LD
ORIEHEEFRETORMBEZEL TS, T2bL, 20O LIERMEOF LA
BWTAMPA A BIZEEHTHL L EERT 5,

(ii) (5.9) A DR ER L OEL LTI E . 1/(3Rw) R 1/(2Ry) 2BV =, = 2T,
Ryq VX Dy 53 T ORZH BEBE 0.74A 2R L TV %,

(iii) B PAd A A OBFEHERITLE LT,

(iv) EPBICERRIE 2 L @R O R RMBOEEEDOFLE RIZKRMEOH LD g

TRETOERE L,
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AR TITWVWL DD RMEER Y o728, ZNHDARFNIET, O, Vac, VacT 3 & T VacO
ETBHZEICLTe, ZOEREZROMERC(GA3) LVHELLZwDEL & HIZ Table 5.11Z
R, £72. Fig51 121 VacTIZB W T N =12, k =1/(3Ry) P& T#E L7~ ELTB
BAEZRT xR T, ZNERD L, 2xb5.50H D ITHWE— T BIFETE

THDORPME, ZOEIZp~10.18A YT 5,

Table 5.1 Abbreviation of traps in fcc lattice

traps meaning R w

T T site 1.68 | 1.31
O O site 1.95 1 1.29
Vac single vacancy 2.75 | 1.10
VacT | tetrahedral void, which is constructed by 4 vacancies | 3.23 | 0.94
VacO | octahedral void, which is constructed by 6 vacancies | 3.37 | 0.86

R: radius of the spherical defect [ A]
w: frequency of the harmonic oscillation [10'*sec™!]

FNENDOHEMBIZB W TCELTBRFIZEAKRIZA A OB N OB E L TRDLN
TWAH, B3)RXICBNT, bLLTXTORMB R CBER S r OFTICEENE L7 &
RETZEpldVNr&723, Li=No>T, ELTBROBHNE—27 2 VNR LV &/ EWFT
KHEELZETRIE, NEORMBIEZZOXRBOPICERICHEINTZEEZOND,
Table 5.2~ 5.5 CIXELTBf» v — 7 (iif&, VNRERUBECOBEREBEET, # L7, 22

T, T3 E<mbhiznk

h? n \*?
L= oy (c@) (5:17)



51 BFXRMMNIZEIT S Bose 5 57

1.5+

()

Fig. 5.1 The ELTB solution for the system including 12 deuterons in VacT in fcc
Pd. The screening constant is defined as k = 1/(3Ryy) , where Rgq(=0.74A) is the
D-D separation of D, molecule. The solid line is obtained by the ELTB solution.
The dashed lines indicate each potential in eq.(5.14) normalized by ¢.

EFRWTHELE, Z0oRXIZB W TnidiBose I FOHEETHL, TRLENLORIZEW
T Z Lt —27 OFRIOBEOMNE po NVNREV HRELS R->TWNBZ &
ERLTWS, ZHUIZDOE =7 BRREHLIEFAHLTLES>TWAHZ EEEKRT S, L
Mo TEDENLVDODE LEODELVRERON OFE, ThbbLEERMMENRKRE 2o
BEETRL TN EEZOND, Fighl DBEIT1R2BORMPMEKREA A BEMDOHE
B p; ~ 10.04A (2 ~ 54.8) R VERIOHEE py ~ 10.32A(2 ~ 56.3) # LE L T 5 OO FELIR
OEICHBEINTVALLEEZOLND, ZTRNHEZRAVTKRDTEn 6T, =100K 2/ 5, 72
B, IhoOHEOBICHETMERDLENH S M, MORFKICEL TXEER 1% DA

ERDHBTELEEHE LT, FOLEDIZIF2NNEREE TOBRTRAEBRETHILERNH T,
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Table 5.2 Position of a peak in ELTB solution as a function of N for
the case of trapped deuterons in T and O sites in Pd

k=0 k=1/(3R4) k=1/(2Ruq)

traps N \/NR Pmazx P2 Tc Pmazx P2 Tc Pmazx P2 Tc
T 3 292 249 260 71| 237 249 77

4 3.37 3.27

5 3.7
0O 3 337|269 281 63| 2.52

4 389 | 358 3.70 69| 3.32

5 4.35 4.06

6 4.76 4.77

7 515

k: screening constant for d-d interaction

Ryg: D-D separation of Dy molecule [0.74A]
N: the number of the trapped deuterons
(The positions just above the shaded cells
correspond to the cases for maximum N.)
Pmaz:  Dosition of a peak in ELTB solution [A]
P2 position of the right side foot of the peak [A]
R: radius of the spherical defect [A]
T.: critical temperature of BEC [K]

Table 52 ~55 ZRD5LLUTDOIZ L5,

(DE—=DF7 7R LTHERRDO NITERPREWVIFERE L,
2Q)R—DFZyFTL2LERR—OL XEINBIEMNTHICONTT, bEMNT 5,

(3) k =1/(3Raq) PBED IR D N IZBIF % Vac, VacT KU VacO DT IX 150K BETH 5,

PAVEKFZREBIIRE T HA2MEERF IR L<MonTEY, BED/Pd X1 EE
FTEELY)DZELEEFEBRMICOL-TWVAS, AFRIZBN T, NARKMEZRDS L X

TZDER1Z2BZAZ LN, FOBEOIIRMENIZBRE I NTZFATRIZH DT
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Table 5.3 Position of a peak in ELTB solution as a function of N for
the case of trapped deuterons in Vac in Pd

k=0 k=1/(3Rqa) k =1/(2Rqa)
N VNR | pimaz p2 T | pmaw P2 T.| Pmae p: T,
6 6.74 | 5.80 593 68| 5.21 534 80| 4.89 501 89
7 7.28 | 6.67 6.80 73| 5.95 6.08 87| 5.56 5.69 96
8 7.78 | 7.52 6.66 6.79 94| 6.21 6.34 104
9 8.25 | 835 = A 7.35 748 100 | 6.84 6.96 112
10 8.70 8.02 8.15 107 | 7.45 7.57 119
11 9.12 8.67 8.80 113 | &8.04 817 126
12 9.53 9.31 119 | 8.62 8.75 133
13 9.92 9.94 ¥ 124 | 9.19 9.31 139
14 10.29 9.74 9.87 146
15  10.65 10.29 10.41 152
16 11.00 10.82 159
17 11.34 11.35 165

HHDOT, ERLEEBIZFETLHDOTIER,

BT Y.N.Osetsky [5.4] S 138+ B0 SAXRMEPEE L TRE2MEEEZFART 2B E
EFBROFoTND, RFFETEY Fo7 VacT IZ4BOERMEA B, Z O MEED K
IOMEEZD, EHIESDORBEPOLRHIMNEEREZBZ THELZITOY &, BEXKFA A
VOBRKMEFIIEZ 5N, KEOEELRELZoTLEV, HEEZXOF Y KELIA
LRV, LTehoT, BRIEELHEY EXRRVWEEZLND,

72, R.V.Mendes [5.5] I FPDOOH A PN TOEKREA 4L ORTHEEZ]RDY
’oTWD, KFENL L DOND X FRIEFIIIZEHOEKRFA T N HEIN
HEEDIRBATETFHEENARIAZ LI +HEBELONS, HHIF IO ICEFRAKRME
DABEEICOVWTHERLTWER, AFFEORERL ZOBMELBEREPAEVEEZ LN

Ho ZOMBIZEKREZEA A L BOER Z47= Coulomb MBEER L BEBESIEWVDIZIE O F
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THRWR, TNEEHBIZROVE S ZOIZIERERNOBEFOSHERN L EBE L 2Tk
R, RFETIHBEEO - D12, Thomas-Fermi B ORT v V2B W=, 5%

SOIEEEDRVCERDRELERT S LESR DB,

Table 5.4 Position of a peak in ELTB solution as a function of N for
the case of trapped deuterons in VacT in Pd.

k=0 k =1/(3Raa) k =1/(2Rqa4)

VNR | pmas p2 Te| pmas 2 T.| Pmae p2 T,
790| 646 6.60 56| 572 586 68| 533 547 75
853 | 743 757 60| 652 666 73| 6.06 620 82
9.12| 837 852 64| 730 743 79| 677 6.90 88

© o ~1 |2

9.68 | 9.30 8.05 8.18 84| 745 7.58 95
10 10.20 | 10.20 5 8.78 891 90| 8.11 8.24 101
11 10.70 9.49 9.62 95| 8.75 8.88 107
12 11.17 10.18 10.32 100 | 9.38  9.51 113
13 11.63 10.86 11.00 105 | 9.99 10.12 118
14 12.07 11.53 11.66 110 | 10.59 10.72 124
15 12.49 12,18 1232 114 | 11.18 11.31 130
16 12.90 12.82 4 119 | 11.75  11.89 135
17 13.30 12.32 1246 140
18 13.68 12.88 13.01 146
19 14.06 13.43 13.57 151
20 14.42 13.97 14.11 156
21 14.78 14.51 161

22 1513 15.04 166
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Table 5.5 Position of a peak in ELTB solution as a function of N for
the case of trapped deuterons in VacO in Pd.

k=0 k=1/(3Rqa) k =1/(2Rqa)
N VNR| pmaw P2 To| Pmaz P2 T.| Pmas p: T,
6 825| 684 699 50| 6.00 6.15 62| 558 572 69
7 891| 787 802 54| 684 699 67| 634 648 75
8 953| 887 9.02 58| 7.66 7.0 72| 7.08 722 81
9 10.11| 9.85 61| 844 8538 77| 779 793 87
10 10.65 | 10.80 64| 920 934 82| 847 862 93
11 11.17 9.94 10.09 87| 9.14 928 98
12 11.67 10.67 1081 91| 9.80 9.94 104
13 12.15 11.38 11.52 96 | 10.44 10.58 109
14 12.61 12.08 1222 100 | 11.06 11.20 114
15  13.05 12.76  12.90 105 | 11.67 11.81 119
16 13.48 13.43 109 | 12.27 1241 124
17 13.89 12.87 13.01 129
18 14.29 13.45 134
19 14.68 14.02 139
20 15.07 14.59 143
21  15.44 15.14 148
22 15.80 15.69 152
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5.1.4 iR

fcc PA ¥+ H @ Vac, VacT, VacO 72 E DO RIERNIZ+EBOEKFZA 4 DB I
FHEIBKEECHEFEBEETCBEC AR IAAREERH D, £/, EKEAA LV HOR
TV NVOEBRBBENMOEPOBATIHICRKEL ZNITHEREEIZSLIZELS 25

EBTEREND,
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5.2 NSO LBDEKZEODEFINEE

Quantum States of Deuterons in Pd

Abstract

Many deuterons can be accumulated in Pd. If the local density of deuterons at Pd lattice
defects becomes high enough, Bose-Einstein condensation (BEC) may happen and induce
nuclear reactions. In this work, nuclear reactions in Pd induced by BEC are estimated. The
equivalent linear two-body (ELTB) method, which is based on an approximate reduction of
many-body problems by variational principle, is used for the calculation. Thomas-Fermi and
non-linear screening d-d interactions are used for the calculations. The nuclear reaction rates

and critical temperatures of BEC are obtained from the ELTB solutions.

5.2.1 [FL®IC

B &R o7z Bose KIF 751 A b T w7 HEE [5.1] (Z i S 1L72Ff £ DR D Hamiltonian
BEZRINX— A4 b Ty TEBOELIELFWRAMART 2 %/ BosefiL ¥ D
Coulomb FART v ¥ VD =Z2DHEDOF L L TEEINS, Y.EKim & AL Zubarev [5.2]
I equaivalent linear two-body (ELTB) method # A A > + T v VT EBICHE I N EKSE
AFCHERL TEERBORBBERR CEBERISEZFRE Lz, RFZEIZB VTR
Kim-Zubarev D2 KD 2 KIZB W THRE Lz, ETHE1ICEFNOBF KMz A 4
Ny 7R L, FFAMBELEDRT Uy /VEHE L7, ELTB EEREREHBEIIT

BEHEICL->TEKFTY, ZREZHOTNEDOHEBose KiF & E I < D DFEEDKE
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FRMEFP COEBENIGEREZHE L, TOBEOKRT ¥t LTl Thomas-Fermi &
ODIERBLERAR T oy v 2 Az, 210, ZOBRBOEREKRFEEZ R A L7 BEC
DEBEEOAXEHAWVWTEALE, ZOARITRTOKEEIZKFET 50T, ELTB fi#
MHENERD TEHEICHEST,

5.2.2 #i TIX Kim-Zubarev E O A Z B BEIZT o7 % T, BEHE~OIEHEIZ OV TR
ATz, 7zl 523 B W TIRIERELER B R OB A OW TR~ 7z, 5.2.4 Fi TR
AERIEEB LOBEC OEBEBIBEOHEEIZ DWW TR, 524 CIIHAERBREEZEL

7’:,
—o0

5.2.2 BEFRADEREZEADKim-Zubarevii®DI: B

Z Z TKim-ZubareviEIZ DWW T EBEIZR RS, oLI3EFHZFRMRT v L%
AF L b TTHEBORT YV E LTEALE, 58 NEDOHEBose bl +% ~ T v
7 NIZE A T2 5% @ Hamiltonian 1%

h2N

Ho= aXVie

(5.18)

1<J rJ|

DEIEHPT D, TIT, mIFKFOFHEEETHY, r 34 A DUEEZTT, HED

ELTBIEIFESRBICESNTE Y, O X ) 2L ERMEDLERET

(5.19)
DEHITEBMTESD, 22T, plik

p::<£ﬁyﬂ (5.20)
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DEHICEESNEERTH S, (5.19) 3T O EBELK ¢ AT HERITE

B2 2 R p mw?pt  qe?
- - 4 - - =F 21
(gt gl o4 % g00) = Bl (5.21)
DEIETHTDH, 22T, EFpROqix

_ (BN-1BN-3) _ AT ()
b= C T 5 ()

4
DEHICEHRSNSD, (G2)RBEIEN GI) RE2ELAEL TS Z L ZEBIChh

(5.22)

. B2 RFBIERVPE2HITGI)RNFEIHEKIEL TWD, (5.21) & 418X (5.18)
XEZHEMN L LTWD, T 6 DFERITEFE L < 1T Kim-Zubarev DF& X H 5.2 ITRE N
TWD, 7ok 2F, B2l RELABEF2ERT v Y, v, OFa% p ZZRICERT 5 Z

EICE-oTENIND, TRDOBUTOLIRFEIZI-TEMNND,

S [ ar [ dsw,

Vip) = = /dR /dQ (5.23)

ZITEHREVCQIZET 2SI ZENENNEOELEEZER (N —1) B AE I

TOEDEBR®RL TS, ZOEDITEICHE(ATE

NN =1L (%) rvae 020\ 5
Vip) = mp( = 1)) g /o drr-v(r) (1 - §> (5.24)

DEIITETD, 6.21)KEFEAEITv(r) =e/r&x (5.24) RITRATDHZ LIZTL->TEHT
—HREYIC Z ORRZRFATNIRENC B4 5 My RN (5.21) I ERTE ?ﬁx—\/mp&U\

e = 2B hw BV TEX LD L

(e L Dow) — et (5.25)

2
DEHCETD, 2Z2TEIE¢ =2aq/mE/hwlTE>TEZONDEHTH D, £/2. W

MBERTF alXa=e/hcll Lo TEZBND,
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Z Z CKim-ZubareviEZ EAERNOBRBICEA T 2 HiEIZHODW T35, £F. fcc Pd

INBEOEKEZA A %4 Tr% O Hamiltonian Z R D L 5 1288kT+ 5,

Ze* exp(—K|R; — ;)
+Z IR; — 1 +Z

i J 1<j

e exp(—k|r; — r;|) (5.26)

v — 1
ZZ TR, X Bravais 77 ML TH Y ZI3BEA A OFHEHR TH D, Kim-Zubarev
i (5.21) KO (5.25) KU A WTHRFIEIZA A2 b7 v 7EE 5112 Lo TEBEKMIC

BRENTBIDNHRT oV TH DR, MatEERANOREDS S, MAMEIXEICHEEL
TR A A EEICHEE L RMPEKRKEAA L EOMOFRIMEER» AT S, Al
B, (5.26) & 2T (5.21) RO (5.25) KA OFBE & FEEOZRE 2o, (5.26) REE2H

RUBED pEEM~OERELUTFOL 512 TE % (D23BM), £

u(r) = A5 eXI|)1(:;IE|5j —r|) (5.27)

J

DEIICEBuEERTH & (5.26) NE2ED p BRI ~DEHIT
T / dR, / dQu(r;)

vie) = /dR/dQ

DEHCEF D, ZI T IEERZOMBETT, (5.28) RIFLEEH DI L ADOEHH R

(5.28)

TTELEHOBMTHEET ADT

3N-—-5

DEHICEEEND, T TEFEIN)IEr<RIZBNT

—KR;

/ d sin 0 / dgu(r) = TZE SmhKTZ - (5.30)

T J j
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DESICERENSD, I(r) % Kr O~ZIZEBE LT (5.29) RIRAT S & Up) 1t

1 o0
Ulp) = imw2 S Anwp™™? + Uy (5.31)

m=2

DEHICETD, TITEHEDGIZTZA LT —DREEZUIWCEDZ LI THEKB T

Do £, BEHwX
1, ZeK? e ff

2™ T T3 &R

DEHCERIND, T I TR T Bravaist& F 27 PV R; D/ VA TH D, BIEDORESR

(5.32)

BEIXZOXEZBEBLTEAINRD, 2T E2EROBEOwDEIXIEKTFRER
HEDENIDBRES RS, 21T (5.32) RO FI O ZERFRVBBEIRIN DD
HTHD, m>21BT5REABE Ay, 1T

K2m=4(3N)!!
9m=2(1m — 1)I(3N + 2m — 4)!!

ANm = (5.33)

DESICEREIND, L BI)RDORERMEZ m=2THLONEU(p) = smw?p* BB S
N5, BIERVIERIZIB W T U(p) iX Kim-Zubarev Big D (5.18) RFEIHE —F,T 5, KIZ
(5.21) XE3IED p ZER ~DEHIZ DN TR D, £ 0(r) = e exp(—kr)/r & (5.24) IZfX
AT B, - OMRTERRTFAEET 572010 (5.2) RBAHEL R AT LD ER B, p
ZEMIZ B TEH 2 R 1T kKU R § Thomas-Fermi AR 7 > > ¥ VI BT 2 @ik B HIZ X -

TR ENDZ & Ed,
frr(p) = 3(N-1) /5 dfsin 0 cos* =0 exp (—k\/ﬁpsin 0) (5.34)
0

EERE D Coulomb BT v L DBEE=0TH Y. frrlp) =1%B 5, il Kim-
Zubarev i D (5.21) NEBAH L —ET 5, #Eilk =72 Coulomb KT ¥ VDFHEE # 0

THY . Vilp) = Volp) frelp) BB, LizM-T (5.26) % o ZMIC MY 2 &

@z X g gy P € - B .
{_@22:2 am®™" 7 +;fTF(¢;x)}¢<x)—s¢<x) (5.35)

T2
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7B, ZZITMEmilET RO cut-of THDH, ZOXEIM=2.k=008%
Kim-Zubarev Eim ® (5.25) R & BRIZ—HT 2, ERICIIMITERSINEBEELH-T
INCRESNDIRNETH D, Lieh->TEE (5.30) RITITIERMELFTEND 2 L LA

%, (5.35) R ORBIEH AL, Ay, = (£)" 7 Ay, CE-TEESN D,

5.2.3 FBREERVIREERLI-J-dHEEEH

BAFRIETFRFICH L TCHEFCHEBNRT VO VEEDLZ LML NATND, Z
D %) F 1% Hohenberg-Kohn-Sham [5.6, 5.7] D& ENBEEELZAVWNITEAT LI LA TE
o COHFETITHEERAOL 2T Y —BFIEOEERBO =R LF—1TRAD L

WEIT 5,

Eln()] = Tn(r)]
te / drn(r)Veae (1) + 5 / drdr 220 4 Bn()] (5.36)
ZIZTn)BETEEEZRL TS, ZORICBWTEIET, IXEH R LF—, 2
HIXHE KR & BT DM D Coulomb HEMER. 5 3EILE T M D Coulomb AR, HKik
i B, ERHBMAERT vy L ERL TS, ZORA D Kohn & Sham 1345 %
AVWTKRIZRT 1RO TR E 8N,
52
(1974 000) + V) ) = (5.37)
ZITO ROV, 3 ENENBEEROLZHBMEERT oy v zrmd, ZOX0 A ERE
RBEREIRAXETAVTELND,

—kTF|r r'| i )
— 9 / de—5 (5(r) — ATTHY) — kI (r) (5.38)

v — /|
TIZTiEBRVBRBLOKEETRT, TOXICLTRE--BCEESRMEIVETR AP

DEAKFEAAF OBV ICHERESNT-HFBRUEEREFEOEEZ KDDL Z LA TE D,
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2EDEARFA A OB ER SN TAHEERIEFREFIZ2EDOEKEA

F U EBWEROZRO TRV E =T HERO L IICKRE D,

2
Vaa(r) = = = 20,(r) + / dr' An(r) {vs (|t — v']) + doe(|r — ')} (5.39)
TZTAN v, B R I FNEFNEFEEOENEFEEn »LOTH, FREIN-&

BART UL, ROFEINEZBHEBERT VvV E2RT, 202 bFREIN-HE

RTF e MVEIRDO L S IZET B,

/d 20n(r — 1)) (5.40)

|r—r2|

I TEKFEAACOMBEEERY, £, FESNEZHBBERT V¥ LidkO X

Gre(r) = Vge(ng + An(r)) — vge(ng)
degpcn
Ve = o (5.41)

Il Tep F1IEFU-VORBHEBEZ AL —-THD, INHORIZI-THELE

Vdd % Fig.5.2 &:ﬂi\"’?}‘o DX 5 e L/VC%“I‘%: = *Lflékf%%ﬂﬁfﬁ& éﬂfi*ﬁﬂﬁzﬁﬁ Vdd G:;(‘—J"T%)

EBAEIIKRAD L S ICFEIT D,

fvr(p) = 3(N-1) /05 df sin 0 cos®N 4 0 vy (\/ipsin 0) (5.42)

Z 2 Tuga(r) = Vaa(r)r/2e* 3pK D SL2,
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08

Thomas-Fermi

04}

non-linear

V(r) [Ryd.]

0.0

04l

Fig. 5.2 Screening interaction between two deuterons

5.2.4 BRERE
N{H D E Bose I F D EEREOEREEE U 1 OBRKEEEZRD 57 DICIEKRR
%%I/\ZDO

23 (W[ImVE| W)
- ATET) (5.43)

R =
Z Z T Fermi pseudopotential V;f [5.2] D & EER 1%

ImVy} = —%%m—q) (5.44)

DEICET D, 2D Bose KL FRICE < A OEEMMEEERIZIBEE B2 2zHW5

=

ZEIEoTEAZIND, 5.30) ROBEMR ¢ S UHARELDO T, RIGRIFIKRATHE
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TE D, .
AN(N - 1)T (%) (%)5/0 dr¢?(x)/z?
27T (%)

S TCER AT Bohr ¥y = B2/me RO2BORFEMOERIGEDO SHFZ2HAWT

R=

(5.45)

A=2Srg/mh & EIT D,

H L ELTBfERRENIX, BECOBEREET, 3RXNE2ZHWVWTHEIND,

h? n \7*

2
ZZTnitBose BiFOEEE TH Y ((2) I% Riemann D zeta @ TH 5, ZhxHWD &
EERBEZLEATOEREPRADO L SITKRE D,

T 2/3
0 = 1- (T) for T <T, (5.47)

LLLZIOEERBLEAERLZZEITLE, BRERIGRIIRQOTEZOND, T>T,

%/El\&j:Q:O&fcﬁZDo

5.2.5 HERRUVER

AFEIZRBNTEET fec PARFHRTNEOEKEA AL BRBIZHEEZI N TET
FEWDROEITB#EZ RO, L TEhEAVTAdERMERISEEHEE L, 22
THWEELTBEENBREVWEHBEERRBWVW I LML TWVS 58, ZHicxt L N2
INEWEZIWLRBEREIRLINPIZEALTIRELRS D> TW RV, L LA TIE
INEAWDZEELE, ZZT, Table 5.6 (2 T, O, Vac, VacT X VacO &4 J1F 7=k
feDERETT, @BRPICEIZBOERFRABEEEHEINLRA FRFET DI LA MON
TWA 5, Yu.N.Osetsky & [5.4] i fecc Cu® TlE. stacking fault tetrahedra (SFT) 238 & &

ERARA R THDZL2ERBLTWD, RFFETHWD VacT I3 % SIZSFT OFK/NEAT
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Table 5.6 Abbreviation of traps in fcc lattice

traps | meaning R, |w

T T site 1.68 | 1.31
O O site 1.95 | 1.29
Vac | single vacancy 2.75 | 1.10

VacT | tetrahedral void, which is constructed by 4 vacancies | 3.23 | 0.94
VacO | octahedral void, which is constructed by 6 vacancies | 3.37 | 0.86

R,: radius of the spherical defect [ A]

w: frequency of the harmonic oscillation [10'*sec™]

HV, VacObLEEREDORA R THD, TOFD—2L LT VacO DAY vF % Figh.3

T, BEHEOEOFHIILUTOLI LD TH S,

(i) d-Pd IO AEAEM & L T Thomas-Fermi #it R 7 > vz v, (5.26) 2 0 H ik
EBEKIX2/Riyy & Lz, 22T, Ry 138 13 (INN) EEREZ R, 2D Z LI1ERK
fa DR LA ETEKRZEAT AT IBEAA T OEENTIEALEI DI LR
BIRLTWD,

(i) d-d M D EEHA & L T ik Thomas-Fermi & O'JEBM B ERHR K7 > v L &2 B\ iz,
Thomas-Fermi ik DA (5.26) A OMEFRREE k13 2/Ryg & LTz, T Z T Ryg(=0.744)
Dy 3 FDOEZMERBEEZ T LTS,

(iil) BEPAdA A OFHER Z1T1 & LT,

(iv) (5.32) RICB W TR FMIIEBH N0 LUTICRDETE o, ZOREDITITE 20
BRTRETHEZLOILERH T,

(v) (5.35) USRI 2 m BT 2 FOEEBHR 1070 U FICIET 2 ETL o7, ZOfR
EFIESIEL, =& 21Ez ~ 10 D cut-off M IZ10BE T+ ThoTo,

(vi) SEFOEIZ110kevb & L72, Z OfEIX Kim, Zubarev [5.2] M7= b D LR L TH D,
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Fig. 5.3 The structure of VacO in fcc lattice. The black and gray circles mean
occupied and unoccupied lattice points, respectively. These defects construct octa-
hedral void, which is called VacO in this thesis.

RMGIZHEE SN OB % Figh4 RO551T7T, TNHERDZERT VI Y VOFHFFD
FIZHNE— I BRFEETDHZ DR DND, Zo0MEZHET 2 & EFEEKRDOHE D
E—Z3EOFIZTT7 RLTWS, ZTHIFEKBAA L OFY OEKRETFENNILE
ELIFERKBEAF L DI TRAE— 2oL 2EB%T 5,

DX T T MIERKRBEE fv, OTFITKTF L TE Z 5, Figh2 12 L2 FERHREE
WMDOBE D d-dHBEERDOMBIZIZTHFENH 5 DIZxt L. Thomas-Fermi #iiz D35 & 1213 H
PN, 202 & »(5.34) IR L7z Thomas-Fermi #ifik D355 ORI frr & (5.42)
R L FERBLER O E OERBE fv, EOEBEVWEEZ TS, ZO XD REDT T
MIBMERISRIIEEZRET, RG4H)ZRDE o) DE—IMNENEIZT T M
DIEERISENPRELSRDZELITHALNTH D, Figs25 RO H25 IR TRT iy L

g8 o] THBB L SR T B, 7o, 3% (5.35) TIZ U T [e] 1 Aw/2 THIE LS AT
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Fig. 5.4 The ELTB solution for the system including 5 deuterons in VacO in
fcc Pd. Thomas-Fermi screening potential is used as the d-d interaction. The
nondimensional quantity z is defined as z = y/mw/k p , where w = 0.86 x 10**sec™".
The screening constant is defined as k = 1/(2R4q) , where Ryy(=0.74A) is the d-d
separation of Dy molecule. The solid line is obtained by the ELTB solution. The
dashed lines indicate each potential in eq.(5.35) normalized by |¢| = 1326.
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Fig. 5.5 The ELTB solution for the system including 5 deuterons in VacO in fcc Pd.
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line is obtained by the ELTB solution. The dashed lines indicate each potential in
eq.(5.35) normalized by |¢| = | — 409].
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W5, ZTZTVacOIZEL Tidw =861 x 10"%sec™ TH Y hw/2 =283 x 1072V Th 5%,
Thomas-Fermi DD = X VX —EHEIL37.eV Th ., FEREEKRDOBED T RN X —
EAEMEIT-11.6eV TH D, £/, BT U Y VOR/NMEPLHEl->7- T V¥ —[EHFEIX
Thomas-Fermi ##& D5 & 6.74 x 1072V TH V|, FEBRFEERHR DG S 16.8 x 1072V Th 5,
FNENOY A MIBET LA RS EOFEERIL Table 5.7-5.10 127~ L 7=, Table
57-510ICIUTFOZ L BBV AENT VS, (20)RICHBNTHLLETORFARL
BERSrEHOLTHE pldVNrbED, LERS>TR, ZXMO¥EL L-#, ELTB
ROBENE—27 OFROBEBFNVNR, LV b/ S TR LEEKES A VITRERC
KMlcEEND L 2%, RBEOEBICBWTEKAZEA FVIZEMORE o = VNH
AR DORE py = VNro ORI L TVWB L E XD, LER-TEDOEOEKREA A
v DOEEEXn = N/ir(rd —r?) = 3N2/dn(pd — p}) L R7A2EDZ DT, (546) R w L7z
BECOBREBET. I IZOBREELVHETX S, ZOMELFHE L Table 5.7-5.10 IR L

7o TNHLDRERIVUTOIERDLNS

(a) VNR, > po PRV Lo TNH DT, BE—J ZE2TRMOPIZEE2CEENL TN,

(b) Thomas-Fermi ik z 7= d-d HEERDBE TIXER LY IEV, 2L,
R EREZ AN CddBEEEROSE T ITIERLY bELV,

(c) FMARIERIWD THELRAD, LML, PARIREEAEL & LM
NCTERIGHIETHLRE ZIIEZFOEHFOEENEF LTI, I EL 2o
TLE), THLEERBOEAERREQAERICARS>TLEY, BERISIIEIELTL

F5, LEBOTCIITHE LAEARERREIL T LEEWVEERE 220,

PUEDZ EEDPAFOEFRGEIZHEINTEBLI-EKEAA AL NBECERIT 2

ETCHMERICHFERSNDIARBELRH D LM TE D,
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Table 5.7 Nuclear reaction rate R [107sec™"| and critical temperature
T. [K] for the case of N trapped deuterons in T and O sites in Pd.

Thomas-Fermi screening non-linear screening
traps N VNR, Prmaz pe 1. R | pmaz p2 1. R
T 3 292 229 240 85 4.0 | 1.08 1.16 286 38.7
4 3.37 | 297 3.07 98 6.5 1.32 1.39 362 744
O 3 337 | 232 243 83 39| 1.08 1.16 284 384
4 3.89 | 3.00 3.11 96 6.3 1.32 1.40 359 74.0
5 4.35 | 3.63 3.73 109 9.0 | 1.3 1.61 437 119.4
6 4.76 | 421 432 122 119 1.72 1.79 515 1745

Prmae: POsition of the peak in ELTB solution [A]

pa: position of the right foot of the peak [A]
R,: radius of the spherical defect [A]

Table 5.8 Nuclear reaction rate R [107sec™'| and critical temperature
T. [K] for the case of N trapped deuterons in Vac in Pd.

Thomas-Fermi screening non-linear screening
N VNR, | pmaa po T R|pmae P2 Te R
3 4.76 | 2.61 263 71 30| 1.10 1.18 272 36.3
4 450 | 3.25 336 83 5.0 | 1.34 1.42 346 70.5
5 6.15 | 3.92 4.03 95 721 1.56 1.63 421 1144
6 6.74 | 4.54 4.65 106 95| 1.74 1.82 499 1679
7 728 | 5.13 524 118 12.0| 1.92 1.99 578 230.8

Prmae: POsition of the peak in ELTB solution [A]

pa: position of the right foot of the peak [A]
R,: radius of the spherical defect [A]
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Table 5.9 Nuclear reaction rate R [107sec™'| and critical temperature
T. [K] for the case of N trapped deuterons in VacT in Pd.

Thomas-Fermi screening non-linear screening

N VNR,|pnw p2 T R| pmas 1o T. R
5.59 | 273 286 61 241 112 1.20 262 34.6
6.45| 3.52 3.64 71 39| 136 144 334 67.7
721 | 423 435 82 5.7 | 1.57 1.65 409 110.3
790 | 490 5.02 92 76| 1.76 1.84 486 162.5
8.593 | 5.53 5.64 102 96| 1.94 2.01 564 2242

~1 O Ot = W

Prmae: POsition of the peak in ELTB solution [A]
pa: position of the right foot of the peak [A]
R,: radius of the spherical defect [A]

Table 5.10 Nuclear reaction rate R [107sec™'] and critical temperature
T. [K] for the case of N trapped deuterons in VacO in Pd.

Thomas-Fermi screening non-linear screening

N VNR, | ppae  p2 To R|pmer P2 To R
5.83 | 2.86 2.98 56 21| 1.13 1.21 257 33.8
6.74 | 3.67 3.80 66 3.5 1.37 145 329 664
7.53 | 441 4.53 76 5.0 | 1.58 1.66 403 108.6
825 | 5.10 5.22 86 6.7 1.77 1.85 480 160.2
891 | 5.75 586 95 8.6 | 1.94 202 558 221.3

~1 O O = W

Prmaz: PoOsition of the peak in ELTB solution [A]
pa: position of the right foot of the peak [A]
R,: radius of the spherical defect [A]
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Appendix A

F2ENDMHE

Al KBEEKRTFIYIL

BT R[ED Wigner-Zeitz FEr (X1 BF P EDDIHRBLEREREL L ZDOEET

Ho, LIzh>T, BEFRIEOHEEZn & LIZK
s L
3. = (A.1)

MWD LD, Jena b [2.2]1F, TNEAVWTIETFEH LY OXHBEE= ALV — 2R 1B

MNRIZBWT

91 .02
Epe = —0 9163 —0.112+ 0.03351nr, — 0.0 (A.2)
s 0.1+,
DEICEERE L, ZOREEFORHBRMEE - XX —IX
d d
ze = T ze) = | 5 ze A,
% o (ne,.) ldn(ns )] . (A.3)

DEICERTEXD, 22T, AIE2HIIESFBENEYEFEEN EE LS olx
BV, =0: R Il (VT —DRELR 727 DICAEALTFETHD, F1E, F2

B, (AL RU(A2) ZANT

d 1.222 0.02 0.00667r
— = — —0.1232 4+ 0.03351 — — ° A4
dn(ngu) T, + . 0.1+7, (0.1+7,)2 (A4)

DEH>7er OB L L TEETE 5,



A2 BERT VUL 84

A2 BERTIYIL

—RBREBWNONRNY I TZ 2 FOL LICBEFRENTFEL, EXHRPHENREREZN
TWHRIZ, REMEAREIBTFEIEELS &, TOEVICEFIFREIND, 20D
B, REMOHEE IDiracDSEE TRIT I ENTED, I T, BEEINE-BEFOHK

EEZAETDHE, ZOROERMSMPEY HTEHERT vV QIR FEAER (A3

V20(r) = 8a{d(r) — An(r)} (A.5)
® X 5 73 Poisson D FBR ARV CTEONSD, ZOXROFLMD k2, 8(r) Z35< &

(V* = k70)®(r) = 8n{d(r) — An(r)} — k7.B(r) (A.6)
NBBLNB A, 2D Poisson D HRAL AEOE®KEZRE S, & 25T, Helmholtz ®

FH R D Green BT

G(r) = — (A7)

LRI,
(V2 = kzp)G(r) = d(r) (A.8)

MY ToZ EBHBN TS, Li=sio T (A6) 11

— [ar S T 5 - ane)) - k0] (A9

infr — r]
DL RELFRRNE LD, ZoXO®BITEMNG (V2 -k, ZFERESET, X (A8)
ERVD LR (A BBELND I LIEIESICDOMD

kB, R(AYOFIDO[ [HIZBWTH(r) s 2 EBHT D &

2 —kTF’I‘
Br) = — = - (A.10)

L7720 2 Thomas-Fermi OEfERT o ¥ /VICHEY T 5,
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A3 EFEAFR

KERFEOR VD 1E

BT 2R G ML D Schrodinger FIETE STEALR
BN T

{_h_Qd_Q R?I(1+1) e?

omd®  m 2 4mor} ¢(r) = E(r) (A.11)

EFREIND, £, Bohr DERICBIT A EERED = R /VX— E, X Bohr ¥ q, IZ

h?
2ma?
d7e b

a, = o (A.13)

ERIND, FFEMRATEIZANVF—L E 2B LTHRIV, RS Zaq ZHA L LT

W5, Lo TEEATE e =E/E, RV =r/ay %5 &3 (A1) 1B T HAL R
BT

-+ 10 2o ot (A19)

EET D,

Ad EBRTIwL

A.4.1 OPW %

P OEFOERBBARIIA T LA T EOMOBERTIIFERENREREL L, A
FOEBEBTEHRBRARS 2T 5, CNERBET 5HED 1 D2 OPW % (orthogonalized
plane wave method) B 5, AT V¥ AL b N EBBRBAHADOT, T RIZHONT
AT 5,

ME RS EZ v, SEFHEE%4 U, & L. £ HamiltonianH (2%t L

H|V} >= E, ¥} > (A.15)
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H|V, >=FE|¥, > (A.16)

WD SEDET D, BRE, & ENIERDDT,
< U [T} >=0 (A.17)
MWLV SLD, EU . BNHEBLI TR
<V >= G (A.18)
MR Y S5, OPW BT (A7) 272 X 5 72 U8 2465 7212 OPW %
D = o + Z Bac¥e (A.19)

DESCEET S, o TOY L TEEF T, BRI GIE U007 S= 04K Y 2o

XoOICED D, LIzhoT
DR > = B > =D |, >< T [P > (A.20)
LB, TOXICEESINTZOPWZEZHAWT P %
[Py > = Zak o DG >
= > B > — Z|\I! >< ¥ |Zak BT > (A.21)
g

DEICERT DL EHALNIIK (ALY OETEENHIZEND, 22T, gld#ftky~7
fvzrd, ZORXT, |V, >IZEHEBEICBELEZBLIEBRETBETHD, Lk
T, BEECIEHAIE 1 HICHA_NT2EMIRENE 2D, MLIIESHT L, £2, B&E
OETIEE 1 EO A LERA L 20 FEENRIEEL T 5, £, KAL) 2EET 2
CWEVEFHFHREE M-S,
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A.4.2 Ashcroft B iERTF v IL

BART Uy VIEIZOPWENPOREBLIEFETHY, BHEFITEVWEFIIXL
THVWLND, £, MEFHBEEICELT

(T +V)|®L >= Ey|d! > (A.22)

BEZD, 2T, THEHZRXLVX—ZRL, VIERT VY VX AF—2FRT, T
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{T+V+D (Bx —E)|Uc>< | }D (P > = B> ar | > (A.23)
c g g
NELND, LTER-TEERT Uy LV A
VIOV =V + ) (Bx — Eo)|¥e >< T (A.24)
kv ERL, X(A23)ITRAT D&
(T + V™™ Zak PN > = Ex ) a0 > (A.25)
g

EETD, ZOVYWITEEOBE TERSEEF L RoTWE, £ 25T, N (A.24)

£
<OV > = < O|VIRY >+ (Bx— Eo)| < T g > | (A.26)

DAY D, ZZTU ISR FRIZBELTBY, SELOMTIREFEEALEERIZRS,
LED>TEDRIEVIY =0 Ll TE 5, /2, Ex > E, THHDOTEEBIZBNT
WBEDFE2EIIFE1EZFHOLAIBEXEZL T 5D,

ZOEDRBERDL LIT Asheroft 5] TR DL I RETART vV 2EBR LT,

r) = ; v,.(r — X;) (A.27)



Ab TF/ rowmBR 88

2T, v i LA A CETAERT UL THY, Vo BEERT R »OOEE

FEBL TKRTIME Lo @RT U vy VT D, v I ERDOZ L EZEHT D20

0 for r <R,
'Ups(r) = (A28)
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DEHILFE L TWD,

A5 T#4/ URHEE

ERETHOA L OFEALEIL
le =X+ km (A29)

DESICLTHREND, 2IT, x X FEBORMBFOMEBEEZTL., k, ZBEAETFA
TOMEB DB TEOMEETRT, fecCbee DFEITHEMETHIC1LEOR TS L7k
WD Tk, ZFHHVDMEZZRND, hep PHEITEMBETRNIC2EOEFANTFEET IO
TINERVILERD D, LoT, —MEIITFEENLE Ry, 205 gy, 2T ER L2
X E ONLE X

Ty = le + upy (A?)O)

WZEREIND, 20w, PERTTERT VoY /IVERRT D &

V=Vl + Z[ )] (Wi

alm

l ulm unm’ ﬁ]u:O (Ulm)a(unml)ﬁ o (Agl)
DEHCETD, 220, FUFI1RBIIEEHESIZBITIART ¥ ThY, EHTH S,

Fo, Bo2HEOBBEMBEIIEMP2WVERIIEB A =50TEeThHb, LEBN-TEH

STEHORERREZ
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Clnmm B A.32
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DESICEEL, ERFROANALDOEB =R A F—LMID L, SRETOEBICE

T 4 Hamiltonian %

= — Z{ W )a}? + = Z . C l"mm (Wnm)a — (W) g H (W ) g + const. (A.33)

alm alm Bnm!

DESICEFET D, TNORRBIAEr LRI L LY,

M Z ulm ulm

alm

- _ IZ ﬂzl Ch[zﬁmm’
[ {(ul+n,m)a - (ﬁlm’)a}(ulm’)ﬁ + {(uH—n,m)a - (ulm’)a}(ﬁlm’)ﬁ ] (A-34)

PELOND, SOICHMEELEZERET S L

(Wm)a = —57 Z lnmm (Wnm)s — (Wm)s} (A.35)

,Bnm’
DEIBRFEEMER, DA A ICETLIEHFEXNNFGOoNDS, £Z2 T, ZOFEKXD
wREhE L LT
(U)o = ao(q)m) exp(—iwgt) exp(—iq - (x; + ki) (A.36)

ZRET D, T LTHELIECNY MMk =k —ky EEALTERL

Df’éﬁ(q|mm = Z lnm i eXp Zq : (Xn + km m - mm Z Clnm m (A37)

nmll

ERWD, 75 L EHFENXETHMNOE L LT

wata(qlm) = ﬁZ, Dag(qlmm’)aa(qlm’) (A.38)

DEHIICETDL, ZORFITHEZLPR (AN ICL-TERESNAITHOEFEHER
THhDHEEZD, ZOTHIDOZLEZEAFT IR w7 AEEH, ZOBOBEFHEN
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A6 BFEBHERAFTUVEOHEEHRA

KR4 EDFE2HIIBVTHEESIIEEMICES>TITPRAD T, r—y=1' &
B L
/ dron(|ry — t)Vr(|e, — 1) = / dr' An(r)Vir(jt + 1y — 1)) (A.39)

WYL D, ZOBRIXESIT Y Ery—1,DRTHEZILETH &

-27 ' —In| T Ll
/‘ch%QAn ./ d¢/‘cwsm0 O + vy — 10| — Fe) (A.40)
\/r’2 +2r' |ty — ry|cosf + |ty — 1,2
BB, DI = /1 +2|ry —rafcosf+ |ty — TP EFT B L
. —r'|ty — ry|sinfdf (A1)
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£

on 1o [l —rnl+7'] " "
/drAn(|rH—r|)V (Jtn—r|) = / dr'r' Dn(r )A dr'(r" — R.) (A.42)

|rH - rn| rg—ry|—1|

EETDL, ZRICEVR(26)BNEHTE,

AT HNEH

BEHEr IR C A AV RSB HIEA A DO RT RET v x Vg ZAWVT
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DEITERED, LEED->T, A X HOEBEZBHELT I Ar 720X L7226

d? V;oair
dr?

AF =F(r+Ar)—F(r)~ — Ar (A.44)

ORI AHADB»PD, 20XV, BIRFEO I ERIT

_ d? ‘/pair

K,
dr?

(A.45)

TREINDZ ERDLND, PXXERFRAONZHATH2DICFigAlEZTT, ZOX
D OIFXEBICIIBD Tr/21<L, LEB>TAFZBERFAOELN Azt LTEL

HTHD,

Au

RN 2+

/

Fig. A.1 Schematic sketch of proton and host magnesium ion in order to explain
the tangential force AF between them

AF & F X

AF =F < r?+ (Au)2> cosf (A.46)
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K, = %dvpg (r) (A.48)
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Appendix B

F3IEDME

B.1 XRBHEBAIRILF—DZEEL

ETRAETOMBL RO, CEKEZEEX, ZRThORE VI An, RO An, 5k
BENTEHEORBEET XL —0Z{IZRX(3.6) TEREIND, ZOROERESEHEDO—

HERDOELIIZAN TIRETERAT S,
foe(ng + Any + Any) & fru(no) + .o (16 + Any) Any + v, (no + An, ) An, (B.1)
ZZTo.=%Ths, A
fee(no + Any) & foo(no) + v.c(no) An, (B.2)
Zhb%R(3.6) ILRATS L
AE.(r,,1,) ~ /dr[{vm(n0 + Any) — v, (n0) JAN, + {v,.(no + Any) — v,.(no)}An,]  (B.3)
LB, TIT, AE(r,r,) = AF(r,,r,) THHEDT,
AE,(r,,1,) ~ 2 / dr{v,. (o + Any) — v, (116) }Am, (B.4)

RRED o, ZTHHBR(37) Th B,



B2 BFRMEOEEHT KL X — 94

B2 BFSEOEZHIRILI—

WA M kOBRBEFOEH TR T~ =L ThH 5, Lo TEER

BIIBWTTIRXRTOEFOERH = RLF —DEHEIX

Q Q 3h’k?
= = dkex [ oo [ dk =20 B.5
¢ (2m)? /k<kp gk/(%)?’ k<kp 5 2m (B:5)

CETDH, T2 TFermi ik, & EHEFEE n, ORI

kr = (37°n,)""? (B.6)
DEOBERPHDLDT
3 n
s= 2 213 B.
E=5 2m(?nr 7o) (B.7)

DY SD, LERSTHNBrOEEOMNEBERONOT R TOETOEEH == R

X — 2B TS () E AT

gn(r)dr = 3 h

5 %(37r2n0)2/3n(r)dr (B.8)

DEHICEREND, ZORTn, DS Znlr) & LTHIRERLICASZ LFEHMLT, 2h

R THREESTHIEE2EH RN T —NEFBEEOIBELKE LT
Ejinln(r 37r 2/"’/clr )%/ (B.9)

BRELND,

B.3 D-PAR7HRTFUI¥I

Pettifor DE 5 TiZ Pd (4d"5s°) IR F TIEN,HDO AdEF R LAH LTI N

W BBETFLRD, T T, a2 EBRT D5PdA 4 ODFEDERSMEZRD K 5 IR
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BT D, ETHFRICZ=4+10OREFAFEL. TOEY OFEr ORANIZ (Z-N,)
B DAdEF P —RICHMT D, CNEESDNDORDLE Zyp= T NMMOEASFT DX
WRZ22FTTHD, ZRICH LELS DETFIIRT Uy L EFHEIZL Lo TRD 2 HLER

& %, Thomas-Fermi DT EIZ XD Z DRT ¥ /VIEF (A10) & RERIC

= [P 4W|EF|“ : "D 18t 26 — nab(r, — )] (B.10)

WEVEHETXS, 2L, ZOBEEGEFVELDIRT vy L Tlidel, BKEA AV

MELHBRT Ly THLOT, R(AL0) EEIFELRHEELTWD, T I T, ngidA A

He}

VHEBRNTOAETOEEZRT, TOHEIZEZEMTORBEEDEIT) ETEHN, &
=y

CrYDORTAHEZILTDHLUTOLIIC

o

27 exp(—krpr)

V() = T
o x exp [ —krrV/12 — 217" cos 0 + 12
—47rnd/ dr'r?0(r. —r’)/ df sin 6 p( il ) (B.11)
0 0 Vr2 —2rr cos @ + r?
2T, ICET ESIT
d _ . exp (—kTF\/r2 — 2rr' cos B + 7“’2)
70 exp ( kro/12 — 217 cos @ + 1 ) = —k,prr'sinf N/ T (B.12)
ERWAETED, LEB>THEEFE2HBIZISILIZUTOL Y IZHETE S,
47md L
. / dr'r’ {exp(=krp(r + 1)) — exp(—krp|r —'|)} (B.13)
COHEIZr<r, OB
47Tnd Te 1o '
{exp(—krpr) — exp(+kTFr)}/ dr'r exp(—kppr')
krpr »
47rnd r I ’ '
+ - exp(—kTFr)/ dr'r’ {exp(—krpr') — exp(+krpr’)} (B.14)
TF 0

EFT D, 22T, D-PAROBEENIERICELS 2D I LFBELTEBLT, ERIZ, r<r,

DHEETHEWNEWr=r BEOHES LOZOHAETIZEHNR Y, LER->T, FE1ED

I
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EOSEIIERIZRVW I LIZ2 ), KFERICBW T E2EB TS, £/, r>r, O

4rn,

o exp(—kTF?“)/0 dr'’ {exp(—krpr') — exp(+krer’)} (B.15)
EET S, X (B.15) XU (B.14) i

/ dxsinh kx = %(m cosh kz — sinh kz) (B.16)

THWTHETE S, UEOFIRIZED & r<r, O

2Z
TF
Fmor >, OB
2Z 8
TF

LB, TRRR(313) ThH B,
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Appendix C

FAEDMFE R

Cl broxLE

BEMAFOLRFELEBICHEE LR TOBRICIERART vy A3 @<, La
LEEOBEMENENERICE TEIS EBART oy AR BE. RART ¥ L4
BLTLEI ZOEIBRFBOFRT UYL V() L LEB =R LX —E, OEICHEL
FRIFAGESNTL DL, By=V(rn) LR 5B r, TP RNV BRER-T, ZLT. b

B HESE TR, I E TEET 5, TOBARE FigClIRT,

L S R el

Fig. C.1 Schematic sketch of the potential V(r) around a nuclear. The position r,
corresponds to the tunneling point for the particle that has kinetic energy E). The
position r, expresses the nuclear force region. The energy Fj is the average value of
the potential in nuclear force region.
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C.2 V,uDitE %

ZZTRERNUNCFART oy Z BERIZRAL TR < Ry DEED Vi O %

EHI A, F9F Coulomb BT vV ERAVWER, RER OLRTAHELZOL LTUTFTD

XIHiciHETX 3,

62

V;Sotal (R) = Mo dR/

R'<Ryn |R, - R|
R 0 sin 0
— 2pee’ / Y AR R* e

/ VR? —2R Rcosf + R?

1 .
= 2rpe / AR R [VR" = 2R Rcosd + B

_ 27”’0 / dRR{(R +R) — |R — R}
_ 2””0 { / dR'R2R + / dR'R'zR}
= 2mp,€e’ <R2 —%) (C.1)

MK (4.15) TH S, F7-. Thomas-Fermi DGR T > v V& RAVTZHE L RIS

DT CHETE S,

V;total (R)

e? exp(—krr|R' — R|)
dR'
P Jp < R — R|
Ry ™ df sin 6 exp(—krpVR? — 2R Rcos § + R?)
2 o 2/ dR/R/2/
e 0 VR? —2R'Rcosf + R?

27 o€’ /RN dR’R’Q#éR/ [exp(—kTF\/R’2 —2R'Rcosf + R?)]7T

TR [ ARR (exp(—kre (R + R)) = expl—heel B = R])
ZZOR {e—kTFR / dR'R'sinh krp R + sinh kR /R dR'R'e—’fTFR'}
4}222}’;0 R (R + i) TN sinh (kr. ) (C.2)

INHKL19) THDH, EELFEO®RF T, AKX
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1
/ drz sinh ax = —(ax cosh ax — sinh ax) (C.4)

a

AW, £, e EZNVOEERZHAVWD &

1
s 1 (1 )i
TF TF
~ lm 2k, R — (kTFRN + 1){6kTF(R_RN) _ 6_kTF(R+RN)}
N kpp—0 2]€§:F
R R
-5 (Rfv - ?> (C.5)

vy

MEEFRTE 50T, 2 (C.2) I8OVT kpp — 0 DR ERAUZE (C.1) & — 5T 5,



AppendixD FE5ZEOHE 100

Appendix D

FES5EDME

D1 4x>kF3597
Z Z Tl Ghosh [5.1] R L TWNWDA A b T v TEBIZOWTHEHAT 5, Penning
FZ7 v 7 FigD1D XS 2 EEEZ LTS, ZORICECHEFELELAFT DAL EET

4

-

Fig. D.1 Peninng trap configuration.

It consists of three electrodes. They are two end-cap electrodes and a cylindrical
electrode. In order to trap positively charged ions, magnetic field is applied to
the axial direction, and electric field is applied by setting the end-cap electrode at
positive potential with respect to the ring electrode.

DEEBRZEET THEROBERIZAN>TEEHL LI &35, Lo Ll mICHESD
D332 TUND 1291 Lorentz I 3BT, A A 382 FO0ICEERST 2 FEICER TS &

N2 D, LTEDBST, AFVIZETFTOEERICLEEN WL, HIEKROABMRIZ LT
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BN LIRS, ThbbEA A VT OEBORICHEINS, Ty THORT

VIR NVIIHRLE S TT VR EIZ o TWAD T, IEA T UIXAMIESE T 5,

D.2 ELTBE&8AFEAOEH
D.2.1 EHIARILX—IF

KGAHOEDFEIERC2EHEZIXNGL OFLFEIRLEREHR L THTEZETH

Do TITHEHENICHOWTHAT DL, 7. p& B3) R Lo TER LK

op oz
e, = (D.1)
ThHoHDOT, EEDEE f(p) 2N T
Of(p) _ wdf
ge. = pdp (D.2)
Pflp) (=) df (1 aF\ df
oz~ o) T (B-3)
MEDNMD, Zhbil SR Lo ThbRETHIOTr =g +yi+2 &MV 5 &
2 52 2
5 i d*flp) (3 i\ df(p)
Viflp) = e T T (D.4)

LRB, TREICOVTRERY, =Y 225 L

@fp) , 3N~ 1df(p)

N
vi B D.5
; f(p) dp? ; ap (D.5)
&5, LInoT
R ¢(p) 1 B & K (3N —1)(3N —3)
T = ot o D.
2ﬂlﬁlv <p“§1 P Smdp | 2m 1 ¢(p) (D.6)

nEHEND,
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D.2.2 2{KRT YIIHOZE

NEBEIZINBEOLELE A L b0, ZNEINKRTEMOBEZERRTET &
BRI p KO GBN-1)BHOAER S TERADIREZERTHI L LD, ZOBEXICE
3L & L IRE BB %L & BR i 7 F0 B3 2L (spherical harmonics) TRBB 9 2 @ & FHFIC N KK

# R4  K-harmonics (3 % X hyperspherical harmonics) & FE{XIL 5 B% Uy, T

3N—-1

b(ry, 1,0 ry) = p 7 ;Wu(p)UKu(Q) (D.7)

DEHICERATED, ZZTK, vIZEFHTHY, QEEBN-)EOAEDESZ T,
FplIN(53) TERINDEH TH D, K-harmonics 1%
/m@¢®::@mw (D.8)

DEILBHEEREZFOOT, ThzHAVWTHREEIBEE ¢k (p) ZEETE D, £7
DTORZRNEREZE X5,

Hy = Eo (D.9)
h? N
H = ——EV2+ mwQEr + > u(lr; — 1)) (D.10)
1<J
K-harmonics {Z
N aN-1 &  Lg(Lg+1
ZV?@ZJ(I‘l,rz,"'I‘N) = p_NTZ W—M Ok (p) Uk, () (D.11)
=1 Kv P p
i, 2T
N —
Ly = K ’ 5 ; (D.12)

Thbd, R(DI) OEDICEBNT, K=v=0FFKdHlkrThHo, X(D.6) &—FKT 2,
X (D.11) 3 (D.9), (D10)IC@ERA L. v =v(r;—14]) LT D&

an 1 R d® R Lg(Lg+1) 1
H-EZW = p e B T T Cw?p? i — E| ¢x.Uky

= 0 (D.13)
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EETDH, BN (D) DERMEERA WS &

n & R Lg(Lg+1) 1

3N-—-1

/dQU}{V(H -EY = p oz l_%d_/ﬁ + QWT + §mw2p2 —F
+Z/dQUIT(V'UijUKV ¢Ky+ Z /dQUK,VUijUK’,V’¢K’V’
i<j Kuy#K' V'
= 0 (D.14)

DEIHITETB, ZORICBWT, Kev=00 I % L 30U ET 5 &

h? d? 1, h* (3N —1)(3N — 3)

e e e R (V| LU Y R 3E

DEIIepllBAT 2 EMAFEMS FERNE2S, ZhHiEXGA) ERELETHDH, 22Ty
EEETHY. [dWUp =1 2T DT, Up=([d) "t ThH3, #>TV(p) ik
Z/dQvij
1<j
Vi) = ;fm%%%°:_7ﬁf_ (D.16)
DEICETD, CNERICHETAEDINEOELREY, REFEAELEZIBZBED
T DONMNEx; &
R,:j%;m (D.17)

X; = I'Z'—R (D18)

DESICEET D, ZOBMDEBESE dr, 1T
drey = drydry---dry = dxidxo---dxy = NTdRdrsy_s (D.19)
DESICET S, 2 TRDIT) BRI & ERET 5701

ﬂw@—%;g " (D.20)
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EROSIEES I EEELS, THIEE (D7) SRR Y T oBEF L & B oo (TR L
FhE RO BEERIR GEIRD L RDDOT, MENHIVAE-TICRDILEE
T 5. 2 (D.17), (D.18) RS KTED TN & BB OME d(ar) = 6(r) /e’ I2 & 5B &

5(R—%Zri) - 6(R—%Z(xi+R)) - N%(in) (D.21)

% 3

LEF B 0T, 3K (D.19) R T(D.20) A 5
dryn_s = Nidxidxs---dxy6 (Z xi> (D.22)
NEHTED, —HF TCNREEKROFEBIZLEONFRIZHATDHZ &IV dry_, 1T
dran_s = p*N"dpdQ (D.23)

EbEF 0T, (D.22)(D23) IXENEN

dRATyy s = N7 2dxidxs---dxy (D.24)
dRdTsy_s = p*NdpdRdS) (D.25)

DEIICET D, £oT
PV ApdRAY = N idxidxs - dxy (D.26)

MELOIMLDZ ENhb, FLR(BI)PRVIOT L EHRIET H72DIIC, A (D.20) & FHE
dp*s (Z x? — p2> =1 (D.27)

ARV EDZEE2BZD, ZORITERITITA?0(C1? —p?) =1L T XETH D,
BELRAFFERICENVEBEEZRUTH 5, dp? =2pdp TH 5D TR (D.26) K 'R (D.27)
X0

dRAQ) = 2N~ %p (BN-9§ (Z x? — p2> dx dx;y - - - dXy (D.28)
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ThdHrZ NG5, LENR>TR(DI6) I x, X2 Xy FHWVWTUTOXIICHET

&5,

S [ ar [ dsw,
ey = / dR / ds

Z/dX1 dxs ~~~de2N_%p_(3N_5)6 (Z xf, — p2> Vij

1<j Iy

/Xm dXQ cee dXNQN_%p_(3N_5)(S <Z q,‘? — p2>

[

W/dxl dxo --~dXN/OO dt exp{it (ZX?—p2>}v12

_ _ (D.29)
/dx1 dxs ---dXN/ dt exp {it (ZX? —p2>}

L, 2BRENO3ERBICEDRE, Y, 0T X TOEARALEREEXD I LERD,

FAHBEKD T — ) TSR () = L[S dt e ZER L, ThEBICHET S

WWUTOXSIp. q2EHET D,

P = X1—X (D.30)
qQ = X1+X (D.31)
Lo, o 2, 2
PP = x4 (D.32)

THBERWVS L (D.29) IXTEIC

NN

N
—/dpdqu3dX4 dXN/ dt exp {zt (% q? +3 x; - p2> } v(p)
2

=3

/dpdqugdx4 de/ dt exp {zt (% % + X —p )}
i= 3
N(NT_l/ dte_int/dpei%tv /dqe 2 { }
/ dte_””{/dpepT } {/dxe }

V(p) =

(D.33)
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DESICHETXS, ZOROESDIFLAEOESIZIUTOREHWS LEETEX S,
TROLEFAN (BREFARN T ,p234)

00 {24 ]. v
/ dea” e " = —p7al <Z> (D.34)
0 || o

THOWTUTOXIICEBES AT 9, (20X T Gamma B O ERENXI(2) =

foo dte~'t==* for Re z > 07> b FEFAFI#E)
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THEAVD L (D.33) 13
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DEHICHETE D, R (D7) ITRMEAITE AR B HFEAR 1,p264)
00 e tat o1
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1 forxz >0
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