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EBECEN G RBERE/NT BHET 1pb B LR HFN
THR.

B ERE S XA A3 J7 H, Hofmann T
1998 42 H — AT RERIS A L ZE R RL R0 3, —
Xt BTN A, ERECLRK . BEH X
A AP . Adamian Z AN K, R IE S RN,
BRI EE S R ER— R G, RE
BRI ERNRTEBEREAR . 24
4] extra-push ﬁﬂﬂlﬂv)\ﬁ s Hﬂ?@%?ﬂi@ﬁﬁjﬁ%ﬁﬁé
Bk, B xt T AR E A% A T X L I RE B, AR FE
— MR WA STE LS B F (Bl BT i i) extra-push FH
JB). MR, WA BB ERN AR .
Smolanczuk 7E SCHK[29 ] 9 48 tH T — A~ A8 X 8] B2 9 A
WL AR I A ROV RL B R -
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M No B 112 W IR & RSB , 7 HHE & W
231181 I B AR T B ik 670pb. X AR BEELK
ERGE T KBS RIYE A . Berkeley, GSI #1 RIKEN
HEHMTTELRKIF. BREMEZRRE, , BEN
75 RS R N R E M/ T 1pb™ .

I G0 A0 BT, 2 IR M SMER — B BT §
M. XER[29]R HAR FBRBMREBENBSNE
SEEIK A EWER, T8 -& 5B XX
MERBHEER. ABERMBENITES  ANTFE
PR EANER ST F B BESRER
B, T AT BN MO . L, AR SO BT
RMF 3%, s 5 Z & 8 B RE KR, I8
BUHOREE , STt ST B E T R A & I DA I

2 #Y3R RMF it iy #8 B i i g i

RMF B R SR T AR REHE

F=¢(i ? —M)gb+%9,,aa”a—

B.9Y - g, P — epA g, (1)

Hrp ¢= oY, ¢ R AR F B Dirac R, M,
m,,m, Ml m, FHNEETF,c,0,0 N THHE, .,
g.,g, M &/an=1/137 FHI R o,0,0 F FHHTH
SHE g8 RoNTFHHMEERER. 07,

RCFIF"H o, o N FHBBHNGHKE. M THE
ERIEGE - B o M F FMENRE - RE o
T FHEINIERE - RBE o0 T

MR BHFEORE R, X TFHSEE, F A
Euler-Lagrange FRUSHETS N FHHB#YS
M FRE. AT RETHERT, e A EEH
B, UBASE A AFRE-TFETH. HE
SR ENEDT, BENAREAZER. X
BE,RRFT LAAEAE AR AR 9 Dirac HE 8 89 M 4 8 78 Hl 0t
FRIE AR B F 56 T R P #EAT SR, WSCHR[31].

o728 2 o8 ] LAl 5% F 2 AF 29 5RO B I
B A AF(H B 728 A R L

(H') = (H) +12C,({Qy) - )", (2)

He ¢, NAFHBERT, p, HAEHORERE,
PR FE B A FHE(Q,) =<0 + QL) , F T (&
TR R Q) = (2r° P,(c0s0) ) iy -

BTiEsh A LIRS 20 ™ F TR it
M AR ERTET B, HHEHEW LM 31].
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f, Pb(*Ca,1n)®No, ™Pb (“Ti, In) *'Rf,
26 ph(*Cr,1n) *'Sg, ™ Pb(*Fe, 1n)* Hs, **Pb(*Ni,
1n)*® 110, **Pb(®Zn,1n)""112, **Pb (“Ge, 1In)
%114, Ph(?Se, 1n)*® 116, Pb(*Kr, 1n)* 118 % X
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F(RLWBABHS A EENREE 5, MAEHK
HZE , 28 b B SO A5 R 23 0 B 43 Sl 38 R A B B T
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TP EESHNEAMNEERZIENANTLE
BT Z=102—118, % TMI SHABKWRNL S
B 5.01(®116)—11.11MeV(** No) Z 8], ELFE &
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— AR FRILRB/DN, U AR EXEZR DS
FFWHEES. X5EH M RESRESRNE
RUX IR R —BU .

AT LAE B, R4 2 2 8] i 4 /B i T BEAR B, B AT
114 S 7 5, 0 8 A AR E A b B  s (ELX T Rl P T
O ZE (A 1(a) B HEL™ No F1(b) # B Rf; (a)
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fe g2 2, B Strutinsky 5% & IF g SR E AR
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B2 (a)%3H RMF B (TM1L B30 45 H 7 No B i
4 iy T BB T BB (—) 5 (b) Strutinsky 77 %P8 & 4
FORFREHE(—)

— AR B BOKEE , - R R TR g (o)  BBRM
FEECHRERBIRN T TR,

Hi o, HEB THENEERE, T A > 150, FHX
BE(Ep) = - 2.3MeV, 5 EAR B T3 5 XX B #8 K
B ETF&VISN(VI5Z)(N, Z REFHO AR
KA, S %R B KBELL T VISN (VI5Z2) A8 48
BER By K F; Nilsson A H W MNBRENHFF 6 =

%(19.2:7.4 —%)MeV,ﬁ‘?,A,N A ]

R . P TFHRMR TR, E RSN EET P

F1 AR RMFEig(TM1 $8) SN EHIMBIHORME.

Fi AR FBR TR HAILE o, XK A
M BT AHRE

) _i |- e, A
v; = 2[ \/7(e/~—/\)2+A2]’ (6)
1
— 7
G 22 \/( o Az (M
N(Z) = szi, (8)

Hif o/ = ¢, - G}, KB N(ZD)AARFEERRE—TR
B XL T BB T30 AR (7) F(8) B KA XT R 3 K

B FEF&VISN(WISZ) MR, LR FBATEK
FH Newton-Raphson 3 13K fi# .

LI RMF B8 CR A T™ML S50 6, 3% 1
F|H T *®Pb( ®Ca,ln) *No, ®Pb( *Ti,n) ™ Rf
2ph( *Cr,1n) *'Sg, ™ Pb( * Fe, In) ** Hs, ™ Pb
( ®Ni,1n) 110, *Pb( *Ni, n) 7110, **Pb( *Zn,
1n) 7112, *®Pb( ®Zn,1n) 7 112, ™ Pb( " Ge, 1n)
%114, Pb( % Ge,1n) *® 114, ™ Pb( ®Se, 1n) ® 116,
Wpp( %8, 1n) * 116, ™ Pb( ¥ Kr,1n) ' 118, **Pb
( ¥Kr,1n) ® 118 EREPHESH(CN)FELZ—T
H R4 (ER) B 7 5 5 A 85 5 9 72 18 TE BB XHEB IE
BEFL A MBMOMEE . TT LR M S IWFE B IERE R R
{8,297 - 5.10— - 2.28MeV JEEI N . BAMTHBIERE
BEIEE , 497 2.32—6.60MeV JE BN . SEA S HBLR
HIXHE EBEARZE AR, 0FE 1.35—2.76MeV Z [H].

ESELEMBELE,

CNHER SRR RESHBNER - R FHRRZ(ERERAY MeV)
MR o EA - ¥ )=
UL BE FEERE 14 IE B P EE REILER % EfE
mphTCadm® N fr g7 el 288 i e ’ 14
WRCOTLTRC g g T3 on oo e i6s 24
WRLUC IS g Lgm Cier p 6o o o8 216
R T 10 >3 e T 2o
=HENADTI0 Gy i i $24 3 o8 220
MEENLITHO g gy e > o a6 e 2
R I e i 7o e s
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ZFR1
S - B J=3
L SN TR boR - NN: W RE FTEIERE XHg 1E fE
CN Z1.05 -3.25 2.20 7.87 6.00 1.87
208 82 289
Pb("Se,1n)*"116  pp ~0.44 ~2.62 2.18 7.99 5.80 2.20
CN 0.01 -2.28 2.29 5.72 3.67 2.05
208 86 293
Pb(*Se,1)™*116 g ~0.03 ~2.35 2.3 5.80 3.52 2.28
CN —1.41 ~3.70 2.29 8.02 6.46 1.57
208 84 291
PH(*Kr,In)™'118  pp ~0.92 3.2 2.30 8.14 6.10 .04
CN ~0.97 ~3.34 2.37 7.55 5.63
208 86 293
PH(*Kr, In)™ 118 pg -1.16 ~3.61 2.45 6.87 47 2.15
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4.1 BREHEEE

BEKABARMA AW IE .- FERGL
Rt BA R F AR, ACRASXR29]M
BEGEM: & X EXR—-NBENECLABERR
F.MRRETEFHFE WANERTLATHE
EMELY. BAETRELERE - P HEAF
FRENTREBH. BR—TF THRBE RN
#m h

s (B = Sa(EYP, (ET), (9

H o (E)RBRHBEROCRTASGEERN E 0T,
FAERNEABRRER TP FHRRNEE;
o (E)RSE ¢ " BEAERE /WK IR,
P, (E"YAMNBBERN E" ASBRN ¢ AHE
MEHHEARPEL P FHILE, AER
Wi WRE (=0, (E)P,,(E" )T

o (EYHTEANAT 1% . BREER E"HWEXH

E'" =E-Q=E-(My-M, - My)*,
(10)

TH PR, Q W ESBME. IBHRIE,
s, BRBHTFLEEH B ErANELEE.
SHTFRTFTHFEE,ARN)M o, (E)FEAS RERH
M. Y EY > S (CN)B , EABAAFATREE X
— AT (R EABEEATRERZ, | S, (CN) A
B,(CN)KMXt K/hiE). mHf E” > 5, (CN) +
S.(ER) , EABWAMRBERANP T MR E” >
S.(CN) + B,(ER) ,RA B A BA W HER —TH T
ERERNE. U, BE—- TP FWILE P, (E7)
XA B BOR R, TEM R BE E7 < S, (CN) B,
P, (E' )N 0, R/GHE E™ H 3 m i 3 fn, B 2
S.(CN) + S,(ER)5 S, (CN) + B;(ER)Z By E /I
R XBHBA. RMBE o, (E)WEKNKE &
KOXE BB E' REREMAR £, K
ASRE E MR BEASEE,. WTEROBEE
B, TEARHETELEE N hFRERINTE
A, P, HBREEA. R S, (ER) < B,(ER), M
E.. =S,(CN) + S,(ER) = S,,(CN) , WL B Y S A£ B
BEREE AR 7 EEE.
FZ2HHETHTEE I RBENRE, YEB
RMF 18 (TM1, NL3 1 NLZ2 B8O HENWES ©
B BEANEE,, BERKE E, TERMAGE
EL VAR5 %W - SO B AR R B LR B

£2 %M RMF Bt (RE TMI,NL3 M NLZ2 $ ¥ )M BESABERELAHNES Q E.BRENHEE £,
BUHNEE E, SXUNEE EL,URSEN - BRI E R

Q/MeV E u/MeV . E 5 /MeV

13 E/p/MeV

T™1 NL3 NLZ2  E®W=» ™I NL3 NLZ2 EW T™1 NL3 NLZ2 E|?
BN,  145.20 148.62 154.91 153.56 158.03 161.44 167.70 166.84  16.70 12.83  12.82  12.79  13.28
TR 159.28 162.98  169.22 169.55 173.12 176.68 182.97 183.84  15.48 13.84  13.70  13.75  14.29
Mlgg 175.99 179.81 186.61 187.08 189.58 193.87 200.89 201.73  16.38 13.59 14.06 14.28  14.65
®5He  193.10 197.46 204.49 204.92 206.81 211.76 218.79 219.25  13.16 13.71 14.29  14.30  14.33
%119 210.67 215.09 222.32 223.18 224.76 229.75 235.45 236.51 13.24 14.08 14.66  13.13  13.33
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ZEk2

. Q/MeV E o/ MeV EoiMev E;/MeV

™1 NL3 NLZ2  ZEW® ™I NL3 NLZ2  Em] ™1 NL3 NLZ2 EWR?®
My1g  213.40 217.61 224.35 224,50 227.17 231.59 237.15 238.20 11.74 13,77  13.98  12.80  13.70
W11y 229.54  234.22  241.52  241.95 243.56 248.13 254.16  255.02 14.02  13.91  12.64  13.07
Wy 231.82  236.23  243.88  243.68 245.23 249.91 255.32 256.30 10.07  13.41  13.68  11.45  12.62
W14 252.08 256.16 263.07 263.92 265.03 269.21 275.68 275.42 12.95 13.05 12.61  11.50
W14 255.12  259.70 265.38 264.18  266.84 270.38 275.18  275.97 11.73  10.67 9.80 11.79
W16 271.49 277.04 283.20 284.11 286.29 289.61 293.49  296.23 14.79 1258  10.29  12.12
Mg 272.19 276.91 282.32 282.26 284.19 287.61 291.08  295.45 12.01  10.69 8.76 13.19
Mg 286.58 292.61 299.02 301.82 301.21 306.83 309.52 314.63 14.63  14.22  10.50  12.81
?71g  290.15 295.61 301.89 304.41 303.56 306.76 314.47 317.72 13.41  11.15  12.58  13.31

R(OTLUER . ES QESEANREESN
EF,HF2ALEL, TM1 S804 N 8B A 4 68
E, B/ NLZ2 BEHEBE K. ERBE& RS, B&E
ASHRE E 8/ St FRBERENBEG L2, FEILER
AN, EREABNILER /. Bl dl AR (10) 7]
HEARFERYWREAMNBHEERE. N
FE2RTUF N, 4K RMF B4 H MR ER A 88
H5REW - MR A, 7 11.5—14.5MeV Z .
Xt F 343 ML, NLZ2 2 500 I B B R BB /D,
X BT NLZ2 S 5006 R P4 50F 8 i B B8 22
RN, WAL E HERKF R

BREALETHARAREEE

RMEBE o, (E)ARTEBHEELREFEH ¢
43 WA BN R T FT AR R R
o, (E) = mAj(2¢ + DT,,

4.2

(1)
By e 1 N
S 2y = g WIS BB (e BT 8 TR g

S ) TR SE A 2 AR,

Wit WKBIE &, il ARG & 25 ERH
L ELRE WICER(20]. A R2EE B, ESCHE
E20E RAWELS:
ZiZpe

R,
Hp 7., Z, BB RN R IR
R, G HEMEFEXRBZM R, WILEKEE
Zy, Zp WOXE TN 08D, SCHR (29 1R ZE -

R
Rfu = —“—LC—_’
Y-z7.7,

KRS C B BIA SER KRN B R E . X

B, = (12)

(13)

F ®Pb( ®Ca,1n) ®No R i, LM F EWMKEER
16.70MeV B}, S5 2 1 #7647 260 + 30nb. SCHR[29]
Wik EEES A B ERARE(13.28MeV) T,
JZ R &R TH 9 500nb, B E € =379.17. 52, &
SO A R B AR WOk BB B, % RN B R B T
F 5L 58 {8 (260nb ) 3K & % b A~ [{] RMF 2808 C.
WEEBFER—-TPFWILE P, (E')H
hFRBERE S SR REE X HORMR™
r,  (rJry
T+, 1+ (L,/;Ty)’
DA R FELMNENRERTEE, LN
Tl = exp(2/a, E; -2/ ack; ), (15)
He E) WEE - TP FHRRKREL T P& S0,
BEEWTTHENER, E] NVEABHEMTEK
AHNEE LR, o, o HHNKEERTE:

P..(E") = (14)

o Al FuRe]
E, E,
exp("E—D)]exp(-E—D)}’ (16)
E._ (CN,sd
a; =Af8CN‘{1 + ———mIC(E* ° )[1 —
{
E’ E;
ol - E )l -]}

HP E_ HOWEE, E, = 12.5MeV N B ¥, eq
M sd 20 Bl R R V8 S B

ZJH ) RMF Fig it B EH Z =102—118 By
BMEESEBESRMNEE o £ 35 H . ZFHEFIH
T AW~ OO R w4 R R B T FR AE E BRLiR
B ARTHLE R AR U IR . i TER
TR BN, RE 7 RN A LR, B’
AR RS, TR R BB REET X
B fz AR T R AR N EE BB R BB T B0 B A Y
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%3 #)3A RMF Eit (TML,NL3 1 NLZ2 38 )it BN EREMEETH
ERNEE o SXBRMIM[29]hERNILR

[»3
BB . ™I NL3 NLZ2 3wk 29]
wH C=388.71 C =360.98 C =371.01 € =379.17

28 ph(* Ca, 1n)** No 260 *39nb 260nb 260nb 260nb 500nb
208 ph(%Ti, 1n)>" Rf 10.4*}3nb 2.1nb 4.6nb 17nb 9.4nb
28 ph(3*Cr, 1n)? Sg 500 145 pb 320pb 1200pb 6800pb 730pb
28 ph (¥ Fe, 1n)? Hs 67" 17pb 76pb 890pb 44pb 33pb
28 ph( 2 Ni, 1n)* 110 3.5*13pb 0.21pb 370pb 0.14pb 0.73pb
208 ph(* Ni, 1n)?' 110 15*2pb 7.9pb 7200ph 2.1pb 20pb
28 ph(%8 Zn,1n) 112 38fb 12pb 100fb 750fb
28 Ph(™Zn, 1n)*7112 1.0233pb 1.6pb 98pb 0.14pb 2.7pb
28 ph(" Ge, 1n)?¥ 114 3.5pb 1.1pb 1tpb 560fb
28 Ph(*2 Ge, 1n)*°114 97pb 0.36pb 61fb 72pb
28 ph(*2Ge, 1n)?¥ 116 83pb 0.93pb 59fb 7.1pb
208 ph(%8e, 1n) 2116 1.4pb 23fb 4.4nb 1.4nb
28 ph(¥Kr,1n)*' 118 0.92pb 0.9 5.8ib 11pb
28 ph (% Kr,1n)**118 3.3pb 2.1 11pb 670pb

PSR 7R B AR R BB, 2Pb(**Ca, 1n) *No BIR WA Y 260nb KB ESH C.

TRMS%.

MWEIAUFEL, Z =102—118 BB E & R
BEEREEBRA(A b BRZLE HEH). W
RHPERSTRBEER —BR, T LOANE
WHE LA AN . TM1 2806 B 9 F N &
S s ARSI RN B E (RS E IR R
R ) 25O B IF , 1T NL3 280 NLZ2 S 3L >
BELBFE.

SR (291K 9 FI AR E B #4% , ™ Pb( *Kr, 1n)
®18 B FBAFELHNBERRIE G RA.
TM1 S 300 I (9 )R B R 3.3pb, R W - SO
A7 St 137 49 2 BR B 670pb /N T 3 200 % 5 Fo M B
S RO BT 1 RS8R T B 670pb NES— B S.
LR FEHMETRY R 1pp™  MTRAZERE
1, P18 LK EMREESR . WLUAN, &
WRMF Wi ESERSLREEE. X TEFTH
BA% *Se & ¥ 116, XHK[29] 4 AR ¥ KB R L EK
T 1.4nb, T RMFHEE 4 Hpb, EZEHE R K R

BB , 570 - BORBIRLH B S A AR
5 B&

FIFLAH M RMF g RENBEREHEELR,
BETERZ=1028 2=118 5 LENRBEER
PR ESRERTTRAZKMAREME. [
BT E AR B AT S B S EE A
WELEEMABARNMNBEANE SE7TE
FEASHEE F B, HHE T F SRS BIERE.
SHEEREFMOREE. H— S 4 AR B &R MR,
BE TR KA ES RN EE. £ TM1, NL3 Hi
NIZ2 Z30h , TM1 SHA MK RN BT 5 LR &
HWERE. *F ®Pb( *Kr,1n) 118 K, TMI Z¥
ot o7 B 2 R R T 24 3. 3pb, b STHR[ 2919 & 19 5L R K
T 670pb N THABE, EHETHE 1pb WER
B TR, B4, A RMF g B & > Pb( *Se,
1n) 11652 Jo7 [F) X LA SE 3L .
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Production Cross Section of Superheavy Nuclei
in Cold Fusion Reactions Based on the Relativistic Mean Field Theory”

ZHANG Wei' MENG Jie'™™"  ZHANG Shuang-Quan'
1 (School of Physics, Peking University, Beijing 100871, China)
2 (Center of Theoretical Nuclear Physics, National Laboratory of Heavy lon Accelerator, Lanzhou 730000, China)
3 (Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100080, China)
4 (Key Laboratory of Heavy Ion Physics, Ministry of Education, Beijing 100871 ,China)

Abstract Based on the constrained relativistic mean field (RMF) theory, the potential surfaces of superheavy nuclei
from Z =102 to Z = 118 are calculated, and the properties of these nuclei are extracted, including binding energy and
quadruple deformation of the equilibrium and saddle point, neutron separation energy and the height of the static fission
barrier, etc. With the single particle levels obtained from the constrained RMF theory, the shell correction energy, the
pairing correction energy and the microscopic energy are obtained by means of Strutinsky shell correction and BCS pairing
correction approaches. Production cross sections of superheavy nuclei in cold fusion reactions are estimated by a simple
phenomenological model with the above structure information. Using the properties of the compound nucleus and evapora-
tion residue provided by the constrained RMF with TM1 parameters, satisfactory agreement has been obtained with the
avaliable experimental production cross sections in cold fusion reactions. The prediction for the production cross section of
the nucleus 2> 118 is two order smaller than the earlier prediction and much more close to the experimental observation.

Similar conclusion can also be drawn for **116.

Key words relativistic mean field, superheavy nuclei, cold fusion reaction, potential surface, shell effect, pairing ef-

fect
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