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Synthesis and Properties of Superheavy Elements

Sigurd Hofmann

Gesellschaft fiir Schwerionenforschung, GSI, D-64291 Darmstadt, Germany

In recent years the exploration of superheavy elements (SHE) received increasing interest
both from theoretical as well as experimental investigation and both from chemical as well as
physical studies. The reasons for the activity awakened again are based mainly on technical
developments in the field of computer power, accelerator techniques and detection sensitivity.

Using faster and bigger computers the properties of heavy nuclei are studied from multi-
dimensional macroscopic-microscopic calculations [1,2], self consistent Skyrme-Hartree-
Fock [3] and relativistic mean-field models [4]. The results reveal a rather complex structure
of shell effects which determine the stability of nuclei in the region of SHEs. Using the
macroscopic-microscopic models two equally deep minima of the shell-correction energy are
obtained, one at Z = 108 and N = 162 for deformed nuclei with deformation parameters f, =
0.22, B4 = -0.07 and the other at Z = 114 and N = 184 for spherical SHEs. Different results are
obtained from the self-consistent models. They predict for the spherical nuclei shells at Z =
114,120 or 126 and N =172 or 184. :

The most difficult problem, however, which is awaiting a theoretical solution, is the
understanding of the synthesis of superheavy nuclei [5,6]. The calculation of the involved
dynamical processes on a microscopic level is presently the most challenging and work
intensive task. The results will be extremely valuable for the quest of optimum reaction
partners and reaction energy for the synthesis of SHEs. As an important further aspect the
calculations could also provide information on the usefulness of radioactive beams for the
production of SHEs.

Successful methods for the laboratory synthesis of heavy elements have been fusion- .
evaporation reactions using heavy-element targets; recoil-separation techniques; and the
identification of the nuclei by generic ties to known daughter decays after implantation into
position-sensitive detectors. Experiments at low cross-sections necessitate projectile beams of
high intensity and stability. Although the intensity limits have not presently been reached,
considerable improvements of accelerator techniques have been made in recent years. An
overview of the facilities and identification methods presently used at GSI in Darmstadt,
FLNR in Dubna and LBNL in Berkeley will be given. Similar set-ups are in operation in
Japan, Finland, and France.

Results will be presented of recent studies of elements 110 to 112 measured at GSI in
Darmstadt using cold fusion reactions [7]. In addition data were measured for the new even-
even nucleus 2’°110 using the reaction *Ni + 27Pb [8]. Decay properties were obtained for
the ground-state and a high spin K isomer. The results could be successfully described by
calculations using the macroscopic-microscopic model and by self-consistent Hartree-Fock-
Bogoliubov (HFB) calculations with Skyrme-SLy4 interaction.
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Attempts failed to synthesize elements 113, 116 and 118 at SHIP [7]. These search
experiments were performed using the 'cold' fusion reaction and targets of 2%Bj and 2Pb,
respectively. Also attempts failed to synthesize the isotopes 2°110 and ***110 using the hot
fusion reaction “’Ar + #*U. In the experiments with negative results the cross-section limits
reached were on a level of about 0.5 - 1 pb, which could be obtained in measuring times of
about 3 weeks.

Positive results, however, were obtained at FLNR in Dubna in experiments on the synthesis of
elements 112, 114 and 116 using a **Ca beam and targets of uranium, plutonium and curium
isotopes [9]. In recent irradiations of a Wef target first evidence was obtained even for the
decay of the nucleus ***118 [10]. The cross-sections were in the range from 5 to 0.2 pb. The
measured decay chains will be also presented and the data will be compared with theoretical
predictions.

In experiments planned for the near future at SHIP we are aiming to measure further decay
chains of the known isotope 2’112 using a "°Zn beam and a *°*Pb target. With a 7P target
we will try to synthesize the even-even nucleus *”°112. This nucleus is located two neutrons
beyond the single particle level gap at N = 162. K isomers are expected on the basis of
theoretical models, similarly as in the case of ’°110. Changing the target to ”Bi another
attempt will be performed to synthesize **113.

In parallel to the heavy element synthesis we further improve our experimental equipment in
order to increase the sensitivity. The aim is to reach cross-section limits of about 0.1 pb in one
week of beam time. Design studies are being performed in a collaboration of the Institute for
Applied Physics in Frankfurt and GSI for a new superconducting continues wave linear
accelerator. An increase of the beam currents (beams of stable isotopes) by factors of 5 to 10
is expected compared to the present currents of about 0.5 puA. Such high beam currents again
demand further target improvements. Some promising developments will be presented.

At higher sensitivity further progress in the exploration of superheavy nuclei will become
feasible.
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R7E, RFICETLTLWBERIEHLRICENT, BRLDODDOHIEFHHERED
BNITIVINAT—BRAREOHRE, AREIBERETHS. LrLianrs, R
EOBSTE MYICBIT3MBE 2B LENICEBH TS E3EEICHETS
5. LEDST, MEGICHS mEEENECOMRIIRBEIVICES D EBAL.
%7, BEMEE (nootropic drug), BRETFHESLUTDABRESEORRICHN
Tk MNRECHEUT AREETINEMHSRIRTH 5.

Z{LREETILT U R (Senescence Accelerated Mouse, SAM) (3R RA(CE{LBE
ZARREL, EHTHDIILEHHETSH. SAM [CREHICZLBEEZRT
P(prone)%k &, TOMBELIEEMRETEADETTS R(resistant) RPFET
3. BEETIC R BN 3R, P RIZIRFHEIZINTIVS. P ZMNRTHBEDE
{L#Iz(E, EHOEROM, EFHEDET, RE, HEXROBBREEL, HEMH,
RAEZ{, BRE, BLUHEHGIEZEHENZETHS. SAMPS, SAMP10 R
MBICHVPEBLERESLEARETILLY, AREILTIABEMRED
RERFPHROZLEEBERIFOTTIIMELTERELEEZSNTWNS. SH
SAMPS8, SAMP10 BOMBILFANFHICDOVWTHBNTS. E5IC SAMP8 RZEAW
T, TOMEE, FELEBEICHTIREMOVROGBIZENTS.

I=BIIINETIC, ESITMBICEVTE - PEBEEREE2 ARARET S SAMPS
FRIOURICDNT, TOHREREICHALIMBEENBAFOMBELLERFTLTE
=. TDER, SAMP8 DEBEICENVT. JIVF I VEENMDAZER/ F+ R,
LAZXAY U EZEFNIY MAChEREEY, L0707/ FF—E CEDE
BICRA LTV, S5 UTHEBOEM L7304 RREERAEOR
CBREKBORESLVEROEM, REMYA MHA U THZA9—O14F21
BDBEMMPRDHOENE. CNSDRICHITEIREED SAMPS FHEREEED—-EE
BT EMRBENE. £/, SAMP10 (IEBREBEEBEL LB DIREEZHESE
BEEEZRECLTHEY, TORNCEVERBAEBCOVTHHEM LA,
DESHFBRBENZBRRET IBULEETTITIRX SAMPS ZiiE(LIEH
EZETHOYEOTHERELTAHWL, 29RF, N\YRKOT7D, FUFHRELLARE
EMOMBRICOVWTHRE L. Z2BREBEHDAEICOVTIEEY AKRXBEER
BBLURTy TAN-KZENERRLE RV



&1 SAM EREEEMEEHH

RIFY Fig&ds (B)
SAMP1  {B#EEE{t, BT IOA RE, BEEE, REEET 297
SAMP2  {BfEE{k, BT IOA RiE, BEHR, REEET 277
SAMP3  {Bf&1k, ERMHBEEHR 415
SAMPe  {EeE{k, ZFEMHBMAERLE : 243
SAMP7 {RifEE{E, {7 I0OA FAE, MBRE 269
ISAMPE  {REEE(r, ¥ - ERE, MESRRLTNE, REEET 299
SAMPY  {EfE21k, BRE 273
SAMP10| [RiEE{L, WER, ¥E - TERE, >0 333
SAMP11 {RiffE(k, BT IOA FE, BER 211
SAMP &t 291
SAMR1 EEZ{t | 568
SAMR4 EHEZ( 438

SAMR5 1EEZ(L | : 462
SAMR &t 489

Search for beneficial food materials produced in Hokkaido that helps to improve one’s
health -Using Senescence accelerated mouse (SAM) as an animal model of senescence —
Okuma Y. (Dept. of Pharmacol., Grad. Sch. Pharmaceu. Sci., Hokkaido Univ.)
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WO HABWEIWMILIZ, G1—S (DNA AK)—~G2—-M (BR5E) -Gl D%
JAEIZ# 20 BHEEOR S THRE - IRV ELTW5E, MEISERICHZ - i
JH L TW <L 720121 DNA OBE (DNA 650 SNETH Y, DT OBEEISIERT
ZITNIE %R 6\, 2070, EFMEEL Y bIHIALEMIIETIX G1 #1. G2 #i,
M HliZZNEN DNA AT EARBIZHADED, TOEEIPZT LTS &
2o TVB)DED, Lk HEARERICET L Ch 2 hErETF v & (BH)
THORELEL TS, FNEFNGL, G2, MEIF v 7 RA ¥V P EMITh TV,

DL BF Ty FTEENRLICBHNTOEDEDE. A+ LG, B,
DNA BEMLFWERZEIZLD DNA KHEBELZBET AL THAS IR TE S,
RIS, A F USRI X D Mile % BS54 & Gl & G2 BITHIRRE R oIk

B 0, FNUTHEVIEE DNA OBEMTbNS, T2, ZOMBEEF = v 7 Bk
DHikE LTV 2 ML, BE S ERERICE G, 20X = X A RIRAE RS
BEE LT, 44 /LBEHEIC X ) DNA 12 2 REEYIMAER S B &, FnA5h
UH =LY, ATM BIEFEWATMHBDS AERIETF T 2bb p53 BIETFEY
©O53)ERIEEL L, INAEEEEICETE L T4 2EBRERH2 3 b u—uT
5T LX) Gl BifELE, DNA BEZ5I&RETE énfwéo BBRERVZ &2,
G LoTIIMRIFEZBIRT 22 L0 H 5, ZOHA. HMIZE &5 DNA HBEO
1!%@%;%75@0)& FHEEXES & P)?EMJM‘E»\HU&EL\ BEEIRICER L T\ (
BETT RNV AT T LM EIFENTWE, ZDBFED ps3 BIEF I
yhO— VLT3, b2AIZ, MIBFEICIZIZOM, RERIRZEOREERICL
D ZEIBVRONDLH ), A7 u— Y R EITN, MEFIIIEEN, 41

FHICHEELHENRONS,

ZDXHIZ ps3 BIZFIEZ G1 H4F1E, DNA 114%@1\ MRFB(7 R — 2)D 3 D0
Wiez oy ro—n L, Ml EEREBICHERELTW5, p53 BEETFIIATAIMEE
LT EIFENT WS, L DOBFAMBTIXZ O p53 BIEFHIERL., FOME Gl
WHEIEDSEZ 59, DNA HBBIEIBEINT, 7RIV E RV, 2F ),
AFBROZEIE)ZLIZhD, 512, TRM=VADRI VBV E WS HER
WADEHRIGEICOHE S5 25, LLRA6, Al pb3 status PEL L%
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OHOMBOREHEFERT K b — Y A2 WT0 5 B2, p53 WEFHFERTH
BIZABOOTT RN —VAPBEESN VMRS DL, ps3 BIETICEREND
STHT RPN —VADFESNLMBLH LI L, 5|2, DNA2 AELIHE I
BRICT R = APFE SN LM, FRIEGLET 2WE(Trolox)IZ & ) 7K b
—VAPHFIENLHBE, TRV APLT LD p53 status KL W &
REE Lz, 20O p53 HKEMET R =V AD X = X ADMEH S AL, BEHR
EEOHE LW AR RN R IGEFESRO05 b My,

p53 WIEEETH-oT, LI TR - ADORELVHIBZICE L T, 413
Db ) —20F =y 7 RA Y M G2 HMFIRICER LTI 2 EO TV 5, B
MREE. Gl BEIEZRE2VWHIETH-> T G2 HoF3L¥EL+5, G2 i
1ki&, ®iX) DNA HEAS M) A—L )| ATR EZFEYOEMEILZHE L. Chkl
PEENENLZEPBELEIN TS, 20O G2 PMELZMEBL, M HICHETS
HELETRIN—VADPKRI L, 2O ki, p53 T THRL, G2 PIFLEEDL 7R
MY RICHELTWVWAILEERIBLTWSA, ZOBE. HLRFEHED G2 M
BEILEEEHELORKE - B2 BLT7 R XOMHD 5 WVIZETEHIE LT
Wb, F7-. DNA DS OBEES Y- LB T7RF—JAICELTIE, APV
B Y ERLEERSAPK/INK)DEHALICER L, IR 2EDTW5E, ZOHA,
SAPK/INK DEMHALICERE T V. Fas FHIED L+ 7 % —(Death Receptor)DFEIHR % #%T
TRM=VARLED, SOTK M-I AERICERBOTFLIZ, BAHEHNRTDH
> THHMIBERE 2 Bi#E ST 2WEO¥%kS CHRLHER % FHIEHE R A TREE 2 /RE L
TWh, R EDE SO b RKEEELRMA L EbN S,

Db, MRS F = v 2R A > b LGRS &L OBREZMF T2 & £ biT, &4
DERFOT—5 %D LI, BFHR—MBEARF =V 7R b—=THK b= X%
NS L 7T A O BEHRIR B IZ DWW TR 5,

Responses of Mammalian Cells to Ionizing Radiation Kuwabara, M.
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KIBRERGF IR IR TREIEDN S, FF—KEK BERFTORERIE, BT
% 400-600eV BREINNEEE. 3GeV v/ bhry, 50GeV 7 ua ba s TMEL,
2 WRiF & LT, BT, =a— MY JREERREL, WHEOBESCERSOHN
72, BT - RFEOHRE, £, B IMEREISHATH DO TH S,

DT, PHTFERIHTAERIE, WY - AR EERBREFTh, P08
MR D— DR o TW5, LK TIE, TEHICHDEFMEZRE HANTHEFO
ZRAENOHAE CTOMREITV, KRER FINERFEOFMETIRORE 2 Elxt L
TREREREZLTWD, ZZ T, SAEOME, HHTFHERHOBUR EHE, X
TOBERER E 2B T 5, '

2. KIBEERS TN AR ak DB

TRIZRT X2, BFV =7 v 7 T600MeV £ T, RIZHEDY 7 hu T
3GeV £ T, KVNT 50GeV FTMHET D, ZOHEERIL 2001 F£4 B OEFRBIHE -
TWTC, 20073 Bt —A2Z2HTFETH D, 1 HILERIBRICRD LN TEY BE
13358, 2HiITELZED DL, RITEIILH T 1890 BHICR 5,

600MeV (5 FIXINESREEERERICEL N, T2 TRIFTRET HIEFMK
FHUEROBEROT-DOEBNERLITR Y, T THONMERBREEIC, K
BEfESR A cE I, BE, HBLASBEZ LN TVWAREMHNEREEDOELE
LUV TOREHIR 2 RIBIZEAT 5 Z e8I TW 5,

3GeV 7 ua buarynbDBRFIIME - AP EERRBRICE DIV, BIRTHH
FN, BBETHETFIREAEIND, ZOMRIZIE. HIMW ORY—DRFFE— AN
BB, FEFTIEZFD 5 B 10%D E— AN Ebiv, B BAFHEFREAEIZYT
LB, EE L THEORET - T -V OFESCESOM AN TTOIL D,

50GeV BEFit K HEF =a— b Y I RAEZFEDLI., BIERMLTHER{TON
5o SEEEICoTCWAma— M) )V OEBEBEERIZEBD Z LT3,

' B¥i-EHF

KER
3GeV Lo yOROY
(PS)
MR
‘ R&D RERMEER g,
400-600MeV J=7 4[] |
(E{EE) A
400MeV U=7 97 (B{nH) r
ma—tys L g
TRARLT 50GeV &> 9AMHY
(PS)



3. FHEFRFEOHR

KIEE S FIEERMEER DO T PTG IIINER AT —DIF L AL EZFERTS
BEERLDILR>TWS, FOERBRE LT, KOL S REERET OGNS,
Ty 7 ARBRE L HB LIZHE,

()P HEFIIRFEECHRAEERAORIBELT D, I, KRR VU AL)D LD
REBEWEFEN LS RZ 5,
Q) FHEFITIIEEOWERH H 120, WEOMTBELZR DI LN TE D,
(3) FHEFITZB BN D, TEMBEZZOEEDREBTHANL LN TE S,
INHOBREZFIALT, 21 HROEEFRECTHHIAEMBIFEICEAL T, AEHET
DKFE (HBWIK) OB, AT I v 7 2D, £, FHEFORVERME
EREENRICHT AR Y, EROYWERRICMATHEROZ ENBZEZ LN TS,
4. JLRINEESER— R Ui I B9 A5
RAEFHEFOTIAX—BE VWD, TE2BEE L TWEMREICEER T NVF
—ZT B, FDHDOHRETFREM & LU CRE - BEA Y U BRENHEE K- T
5z M, 70 FERICIERTREINEZHR, %ﬁ@k%ﬁfif&xwﬁﬁﬁﬁgmt

ERTERY, TNT, BEKBEZEEM _ 105
LUTHNS, Roxts, HLOMENS R 8 | # N aen
FAEREL. ZORMELRIELE, HE 2 N,

ICRERT L R D PSR VAT A S 1 4 1

LR ENEFRETF ORI —Shikr ¥ Al g\

T, FLOFATObLDIE, #EkObDE g %0
AT, PPEFMEN 10 BES R BD 4 01 %
LG ot, TOVAT A, BERR | %%
FOERRLT XY IOEHFRTHELNLSZ & ol xER J
EMPEINTWAM, I —a v/ OFHHE '

PEEMROKBDBI bRASA TS, 0 Chpreiae—en
AEREM T, KBEZNTAZRREBIZT N HRLERBOFHETF =R LX
BILIZX-oTEDLITHRENEZ D Z L2E — AT RV

BRERNSRENTWS, UL, BHEHRETRIKER, ElANV Y KRIERT
HEEHENRELN TS, TROEMERIMEN TERVORBIRTH D, Fi,
FIZIRA_ L H 12, A Z UBREREHRRE O X, PHFRENSEL 2D, bL,
FORRFENRODIIE, KERESNELND,

BAE, FHEFRAEZY—F v FE LTKBEBREDLNATFETH D, THIZOWTIE
FERBNRIZLAELRW, BKF—4y hE LTH VT AT URHRETF TEOBRD
HIZTENTVWAR, BEBE CKEENELL RV, BHTHLESMERHY ., &
BElioTWnWa,

5. BPviC

IR OISR E CIRVWERICEE > Z ENFERETH V., BE, Bxbh
TVWRWE LWAHRSL, ChnbHTL 2L H B, ZOFHFETFREZMHE ST,
HLWSBERET IR, [FROBZOHEBIZKESERTEDILIICRDZLEH
BLTWS,

High Power Proton Accelerator Project and Neutron Science
KIYANAGIL, Y.




