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Preface 

The C~S/RIKEK workshop on Physics with Low-Energy RI Beams has bf'f'n held during 

August 23-25, 2000 at Ohkouchi hall of RIKE~ \\7ako campus. 

Thf' radioactive-isotope beam (RIB) is now applif'd not only to the studies of nuclf'ar physics, 

but also to othf'r scientific regions such as nucJear astrophysics, material science and so on. 

Especially for the energy region of below 10 MeV/nucleon, it should be noticed that the low

energy RIB with the high intensity is very useful to study nuclear spectroscopy. which can be 

also combined with the con ventionaJ methods. 

Although we can use RIBs with the medium and high energies at RIKEK and other facilities 

in the world, facilities with low-energy RIBs regularly available are limited. and available beam 

intensity, energy and species are also limited. In Japan, however, E-group at KEK has been 

intensively studying and developing the facility of the very-low-energy RIB, and also. Center for 

Kuclear Study (C~S) has been now developing "CRIB" . which can produce the RIB with high 

intensities and the energy region of below 10 .MeV/nucleon. in cooperated with RIKEK. 

In this workshop, we reviewed and summarized the present status of the science with RIB in 

nuclear physics. nuclear astrophysics, material science and so OIl. and discussed the future plans 

of physical study using the high-intensity and low-energy RIB. Especially, we focusf'd on tIlt' 

studies with CRIB and discussed them from both experimental and theoretical points of view. 

This workshop was supported in part by Grant-in-Aid for Scientific Research of the ~linistry 

of Education. Culture. Sports, Science and Technology of Japan, Grant number B-2 10440070 

of S. Kubono, and Graut number B-2 11440081 of S. Shimoura. 
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r1 ] Nuclear Physics of Unstable Nuclei 




Reaction Mechanisms for Synthesis of the Superheavy Elements 
Present Status and Future Developments -

Yasuhisa Abe 

Yukawa Institute for Theoretical Physics 


Kyoto Univ. Kyoto 606-8502, Japan 


October 2000 

Abstract 

Recent developments of the nuclear reaction theory for synthesis of the superheavy el
ements are briefly reviewed. Emphasis is made on dynamical spects of fusion process of 
massive systems. Remarks for further studies are also given at the end. 

1 Introduction 

The limit of nuclear stability in heavy mass region is macroscopically understood by the liquid 
drop model, i.e., by the fissility parameter x being to be equal or larger than 1. This is the 
reason why there is almost no abundance for heavier elements than U. But quantum effects 
of nucleonic motion are known to give rise to an additional stability or binding energy among 
known nucleides, which provides the basis of the nuclear shell model. The extension of the 
idea to unknown heavier systems leads to the existence of the superheavy elements which is 
already a long-standing prediction. It is sure that there exists a stable region in the very heavy 
unknown region of the nuclear chart, though there are still certain ambiguities concerning 
where is the center of the stability in the superheavy region. By the phenomenological single 
particle model, for example, it is predicted to be around Z= 114 and N=184, i.e., there 
the additional binding energy, so-called the shell correction energy is at maximum among 
the neighbouring nucleides of the region.[l] But it is rather peculiar that there has been 
no reaction theory proposed for how to synthesize them. Therefore, experiments have been 
made more or less empirically.[2] 

2 Nuclear reaction processes 

The most usual way is to use heavy-ion (HI) fusion reactions. But mechanisms of HI
fusion reactions in massive systems are not yet known well, while in lighter systems they are 
well understood. Once we have a reasonable theory which enables us to predict HI-fusion 
probability, i.e., formation probability of the compound nuclei, then, residues cross sections 
could be predicted by the use of the statistical theory of decay, based on the concept of the 
compound nucleus of N. Bohr.[3] The formula for residue cross sections is given as 

(1) 

, where Pjus(Ec.mJ and Psurv(Eex) denote the fusion probability as a function of incident 
energy and the survival probability as a function of excitation energy of the compound 
nucleus. That is, we have to take into account the whole reaction process from encounter of 
heavy ions to evaporation residues, as schematically shown in Fig. 1. As seen from Fig. 1, 
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Figure 1: Reaction processes for SHE synthesis is schematically displayed from an encounter of 
incident heavy ions to SHE residue. It should be noted that fusion is achieved by two successively 
processes; approaching phase and dynamical evolution of composite system. 

there are two processes for fusion, i.e., before reaching the spherical compound nuclei or 
around; approaching phase before two incident nuclei touch each other and evolution of the 
composite system toward the compound nuclei with large probability of reseparation. This 
mean~ that the fusion probability Pju6 is given as follows, 

(2) 


, where Pc,ont and Pj orm denote contact probability of the incident ions and formation prob
ability of the compound nuclei, respectively. In lighter systems, Pjorm is not necessary,i.e., 
is equal to I, while in massive systems Pj orm is extremely important, because there are so
called quasi-fission and fast-fission processes competing with compound nucleus formation. 
Anyhow, the two factors in Eq. I have opposite energy-dependences, and will be discussed 
below more in detail. The statistical theory of decay of the compound nucleus is wellknown 
and well established, though there are still ambiguities in parameters. Since decay modes 
are dominantly neutron emission and fission, the survival probability is expressed as follows, 

J () r~(Eea:) 
P6urv (3)

Eea: = r~(Eea:)+rj(Eea:) 
, where r nand r j denotes probabilities of neutron emission and of fission decay, respectively. 
The former is given by Weisskopf formula [4] while the latter by Bohr-Wheeler one[5], or 
Kramers formula [6] including friction effects. For cases with excitation energy higher than 
In,2n, .... emission thresholds, we have to repeat the factor given in Eq. 3 with corresponding 
excitation energies. In realistic calculations to be compared with experimental energy spec
tra, cascade type computer codes are used, taking into account kinetic energy distribution 
of neutron emitted at each step. If the compound nuclei formed is in rather high excitation, 
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the system immediately undergoes fission, because of the extremely low or almost no barrier 
against fission in the superheavy nucleides, as is naturally with the fissility parameter being 
close to 1. That is, the survival probability is a rapidly decreasing function of excitation 
energy. Therefore, the excitation energy of the compound nuclei initially formed should be 
as low as possible. For that purpose, one has to choose favourable combinations of projectile 
and target nuclei, taking into account reaction Q-value. Let us take examples of synthesizing 
the element Z=118 with neutron number N=176, and the element Z=120 with N=178. In 
Fig. 2, excitation energies of compound nuclei formed at Bass interaction barrier top (7] are 
shown over all the possible combinations of projectiles and targets. As is readily seen, there 
are two distinct minima in each system. In the former system, they are around Kr + Pb and 
Xe + Gd combinations, the former of which is just the system that Berkeley group [8] made 
experiments with. Then, they are surely favourable in the survival probability Psurv(Ee:c). 
But there is the other factor Pjus(Ecm ) in Eq. 1 which determines residue cross sections, 
combined with Psurv(Ee:c). Naturally, it increases as incident energy increases, firstly for 
getting rid of Coulomb barrier as is in lighter systems (described by Pcont ) and secondly 
for passing over the conditional saddle point, Le., for overcoming so-called fusion hindrance 
(described by Pjorm)' It automatically gives rise to an increase of excitation energy of the 
compound nuclei formed, which results in a decrease of the survival probability. Therefore, 
one has to compromise two conflicting factors, i.e., has to find an optimum incident energy 
to maximize the final residue cross sections. 

2.1 dissipation-fluctuation dynamics toward the compound nuclei 

As mentioned above, there is the fusion hindrance in massive systems, which is clearly 
exemplified by the extra-push or the extra-extra-push energy necessary for the system to 
fuse into compound nuclei,and which is known to be more pronounced in systems with larger 
values of Zp*Zt.[9] The situation is readily seen in the schematic Fig. 3. So, the combination 
corresponding to the first minimum (smaller Zp) in Fig. 2 would be unfavourable and even 
more to the second one, though more favoured in excitation energy as stated above. In order 
to synthesize the superheavy elements, we have to find the optimum condition over all the 
possible combinations of projectiles and targets, taking into account not only Psurv but also 
Pjus. The dynamical evolutions toward the compound nuclei are usually solved by the use 
of multi-dimensional Langevin equation. Recently, an analytic expression [10] of probability 
for passing over an inverted parabolic barrier under dissipation has been obtained. In one 
dimensional case, it is reduced into a simple error function. Using that expression, extra-push 
energy necessary for fusion is estimated as 

(4) 


, where [3 is the reduced friction T/m and [3' is equal to J [32 + 4w2 with w being the 
curvature of the barrier. B denotes the height of the barrier relative to the energy of the 
contact configuration. In the weak friction limit, [3 ~ 0, Kc ~ B which is trivial, while 
in the overdamped limit, [3 >- 2 . w, Kc ~ ([3/W)2 . B ~ 10 . B with One-body model.[ll] 
The problem remains is an extension to the multi-dimensional cases for the purpose of 
applications to realistic cases, but a concise expression such as Eq. 4 is not easy to obtain. 
Realistic calculations of energy-dependence offusion probabilities are being made by solving 
Langevin, Smoluchowski Eqs. numerically. The latter Eq. is only suitable for the cases of 
complete dissipation of incident energy, i.e., collective momenta are completely in equilibrium 
and then evolutions of coordinates, i.e. diffusions are treated. This is more or less consistent 
with the results obtained in the calculations of the approaching phase discussed below. But 
if the dissipation is not so strong, one has to employ the former one, i.e., Langevin Eq.[12] 

Attempts are also being made to take into account effects of multi-dimensional evolutions 
in an analytical way.[13] 
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Figure 2: Excitation energies of compound nuclei formed at Bass barrier are given over possible 
projectiles. Neutron numbers of projectiles and targets are optimized, i.e., are chosen so as to 
give the lowest value for excitation energy. Two minima are essentially due to shell effects of the 
projectiles and targets. Hot fusion path corresponds to the smaller Zp side, i.e., the righthand 
side. 
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Figure 3: Characteristic feature of liquid drop energy surface is schematically shown. It is 
crucial that distance between contact point and conditional saddle varies as mass-asymmetry 
a changes. In larger a (like 244Pu+48 Ca), they are very close, while in smaller a, i.e., near 
the mass-symmetry (like 208Pb+86Kr), they are far apart and in addition, height of conditional 
saddle relative to contact is larger. The system has to overcome it under strong energy dissipation 
in order to fuse into spherical compound nucleus or around. 
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2.2 dynamics of contact of two incident nuclei 

Another recent development is about the approaching phase up to contact of incident heavy 
ions, i.e., contact of two nuclear surface, after which dynamical evolutions of shapes of the 
composite system are described by the multi-dimensional Langevin equation as discussed 
above. In other words, results of the analyses of the approaching phase provide precise 
initial conditions for subsequent dynamical evolutions of the whole system. In order to 
facilitate the analyses, we employ the surface friction modeL[14] The classical equation of 
motion is given as follows, 

dpr 
dt 

=_8U 
8r 

_ Kr Pr + Rr(t) 
m 

(5) 

, where 

K, = k~. (8~;) 2, K~ = 3.5 x 1O-23s /MeV 	 (6) 

As the nuclear potential we employ that of Gross and Kalinowski [15] which is essentially 
a folding potential. A preliminary result is shown in Fig. 4[16], where you can see that the 
incident energy is fully damped at the contact. Now an extension is being made so as to 
include angular momentum dissipation. 

Remarks 

For quantitative predictions of residue cross sections of thesuperheavy elements, we need to 
know precisely physical parameters such as inertia ,masses, friction coefficients for collective 
degrees of freedom as functions of excitation or temperature. Especially it is the case for 
cold fusion path. So far, we have employed One-body model for friction which is quite strong 
and essentially temperature-independent, although friction should tend to zero in the low 
excitation limit. Microscopic theories such as Linear Response Theory [17] predict energy-, or 
temperature-dependences, which should be somehow incorporated into the phenomenological 
analys'es of the reactions. The same applies to inertia mass tensor. 

One more point about the limitation of the classical model. Since the probabilities 
obtained by the classical fluctuation-dissipation dynamics are very small in certain cases, 
the dissipative quantum tunneling probability[18]' which is expected to be smaH, should also 
be investigated seriously in both fusion and fission processes. 

The author appreciates long time collaborations with Konan group, which have given rise 
to many fruitful results and to new insights on the subject. He also likes to thank Drs. D. 
Boilley and B. Giraud concerning the collaboration on the analytic expressions for passing
over probability, and Dr. G. Kosenko concerning the analyses of the contact dynamics that 
are being done at RIKEN. Acknowledgments should be addressed also to Drs. S. Yamaji 
and P. Moller for their courtesies of providing their computer programs. At last but not 
at least he likes to thank the experimental groups at Dubna, GSI, GANIL and RIKEN for 
having provided opportunities for discussions and new experimental information promptly, 
which have stimulated the theoretical studies enormously. 
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Synthesis of Superheavy Elements by using 

Neutron Rich Radio-Isotope Beames 


~lasahisa OHTA a 1 


a Dep(J,7·tment of Phy.~ics, Kona.n University, Okamoto, Kobe 658-8501 Ja.pan 


Abstract 

The systenlatics of the evaporation residue cross section to fanu nuclei whose Z 
nurnber is extending frolll 104 to 118 has been presented. Even though t.he shell 
correction is not taken into account in the calculation of the fusion probability by 
using 3-dinlensional Langevin equation, the functional fonn for the fusion probabil
ity extracted fronl the results of the theoretical calculation by the Langevin equation 
and the Smolchovsky equation luakes us enable to grasp easily the systcula,tics of 
the excitation funetion of t.he evaporation residue cross section in the superheavy 
rnass region. The nmin purpose is to investigate which entrance channel and what 
bombarding energy are preferable for the sYlnthesis of superheavy elernents beyond 
Z",110. It is also our pnrposp to see how the situation on the yield of the cross 
section around Z",110 changes when we nse neutroIl rich radioact.ive bealns. 

1 Introduction 

The reliable theoretical infonnation for the evaporation residue cross spction in 
the super-heavy Ulass region together with the life tiIne of (l decay is inevitablp 
for the planning of the experiUH'llt to synthesize the unknown Hew elements by 

I Thi!) work was done under t.he collaborat.ion with Y.AritonlO(JINR, Duhna), 
T.Wada(Kollan University), T.lchikawa(Konall University), K.HashizulIle(Konan 
University), Y.Abe(YITP, Kyoto University), S.Yarnaji(RIKEN) and 
E.Cherepanov(JINRl Dubna). After this meeting, SOlne revision have been 
lllade on the functional forIll of the fonnation probability frolll the view point of 
the Illore reliable physical back gronnd. The resnlts presented here will b(' 1110dificd 

slightly for the prediction of the cross section to synthesize the cOluponnd nucleus 
with Z=104, 106~ 108: 110, 112 and 114, but for the case of Z=116 and 118 om' 
or two orders lllOdHicatioll will be expected for several fusion reactions systeIll. 
However, these lllOdifications do not affect the nlaiu part of the discllssion extended 
here. The recent results are ready for publicat.ion. 
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fusion reaction. Because, concerning with the eross s~ction the yield is COU1
parable or less than the lirnit of the highest technical nwasurement available 
right now and in addition the dornain of the incident energy of the fusion reac
tion where we can get the substantial cross section lllay be sharply restricted 
around the fusion barrier energy, i.e., (HI, Inrv 4n) reaction[I]. 

The evaporation residue cross section is approximately cornposed of two fac
tors; the fusion or formation probability and the survival probability in the 
competition of the fission and the neutron evaporation process. One of the 
powerful way to calculate the formation probability is given by solving the dif
fusion equation or the Langevin equation in the nuclear deformation space[2
6]. But this lllodel contains still a large ambiguity because the description 
of the deformation potential near the contact configuration contains a lot of 
alnbiguity~ and ho\v the incident kinetic energy is converted into the inter
nal degree of frC'edolll of the colliding systelIl is an open problem. As for the 
survival probability, in order to apply extendedly the traditional theoretical 
forrnula[7] for the decay width of the fission and the neutron evaporation to 
the super-heavy lnass region: the experilllental data of the decay width for 
the COlllpound nucleus with large Z number is necessary to fix the pararneters 
involved in the fonnnia. Therefore, we have to be ready for the one or two 
order's uncertainties in the E:'stirnation of the evaporation residue cross section 
in the present stage. 

However: before we lllake an effort to get an precise and perfect prediction 
for the evaporation residue cross section, it will useful for a planning of the 
synthesis of new elelllents to understand the gross feature of the fusion reaction 
and the survival probability in the super-heavy Blass region. The ailll of the 
present talk is to show the systelllatics of the evaporation rcsid ue cross section 
for the experinlCntally available neutron rich target-projectile reaction system 
which produce the COlllpound nucleus with Z nUlllber frolIl 104 to 118. The 
present theoretical calculation contains the d~Tnalllics of the fusion process 
and the eonlpetition of the fission and the evaporation of neutron in the decay 
process. \Ve have analyzed tht' 82 actual reaction channels which fOrTlI the 
neutron rich COlllpound nucleus as possible as we eall. 

The derivation of thf' functional fornl of the forrnation probability and the 
prescription of the estinlation of the survival probability are explained briefly 
in the following sections. It is found in the present lnodel calculation that the 
so called "fusion hindranee'~ which is appnx~iate in tht"' small incident rnass 
aSYlllllletry lllakes a substantial influence on the final cross section, and there 
exists a case that the lighter projectiles Ca and Ti are favourable nevertll(~less 
facing with the hot fusion. 
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Fig. 1. Fonnation probability to produce the cOlupound nucleus with Z 114 
and N = 298,290. The probability for the synllnetric entrance channel a: 0 is 
calculated by using the SUlOkhowski equation by Aritorno [3,4]. For the ca...;;e of 
various entrance channel 0.5 :; a: :; 0.7, three diInensional Langevien equation is 
solved by Okazaki [5]. The position of the Bass potential harriers are indicated by 
the arrows. 

2 Formation probability 

The functional fornl of the fonnation probability PjOT (Z, (f, E*) to fornl a COlll

pOllnd nucleus with Rny Z1 froIn any incident channel with Inass asyullnetry 
n and at any excitation energy has been extracted fro111 the theoretical 
results calculated by the Srnolchovski equation[3,4] and the three-dirnensional 
Langevin equation[5.6]. TIl(' theoretical calculation of the fonnation of the 
compound nudeus with 114 is drawn in Fig1. Here, the incident angular 
mornenturn is fixed as I - IOn. 

FroHI Fig.1, we can see a beRutiful trend of the fonnatioll probability. This 
trend encourages us to paraul('trize these data to get a sirnple fune-tional fOrIn 
for the fonnation probability. \Nhen the rnass asyrrunetry of the incident chan
nel 0: decreases ill forming the sanH' cOInpound nucleus, the fonnatioll prob
ability decreases also frolIl unity to 10- to • The position of the Bass potential 
energy indicated by arrows is changing gradually as 0: varies. This decreasing 
feature with 0: can he roughly parametrized at each excitation energ;y by 
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3 

The excitation energy dependence of the probability above thf~ Bass energy 
can be paranleterize in modifying t.he abov(' exponent by rnultiplying a factor 
(a/E*+b).2 

Next step is how to treat th(' fonnatioll probability for the nucleus with differ
ent Z. FroIll Ref.[4J, we can see that for the rnass asynnnetric reaction channel, 
the difference ~ lr between the liquid droplet potential[8] at the contact con
figuration and the saddle shape is proportional almost exactly to 

~"r = Z 100, for (102 < Z < 116) 

(see Fig.l1 of Ref. [4]). If we aSSllrne drastically that the kinetic energy of the 
colliding nucleus is dissipated into the internal energy at the contact point 
and then we start to calculate the probability to form a spherical shape by 
using the diffusion equation[4], the formation probability (the probability to 
reach a spherical shape) is proportional to 

LOO)/T 

where T rneans the ternperature of the composite nucleus. 

Taking account of the above factors 7 we get the following expression for the 
formation probability Pjor(Z, 0:', E*): 

.. ( *) -2.6 - ( + 0.195)(Z -- 100)
1og10 jJrOT' Z, (1', E = -----=='--------;:::-=----

. 1+ 

For the excitation energy corresponding to th(' incident energy of the Bass 
barrier height Ej3ass' we can get Pjor for Z=102, 108, 114 and 120 as shown 
in Fig.2, where the open circles show the ease of rnass sYlnnH'trie channel and 
the solid diamond shows the case to fonn the compound nucleus with Z=102. 
They are \vell reproduced by the function P jor (Z, 0:', E*). 

Survival probability 

The survival probability of the conlpound nucleus has been estinlated by using 
the informa.tion of rn/ (I'n +f l ) as a function of Z, lV and E*. Here we assulned 
that the decay proc('ss of the cOlnpound nudeus is liIIlited to the fission and 
the neutron evaporation. The excitation function of rn/ (I'n + I' j) is derived 

2 This paranlCtrization has been inlproved by replacing with the functional f't1nn of 
(a/.JiF + b). 
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Fig. 2. The values of the empirical fonnula for the formation probability at the Bass 
barrier height P/01.(Z, 0, E* E'Bass) are drown by the curves. The Z-ntunber is 
labeled with the line. The caleulated points are indicated by the various kind of 
Inarks. 
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Fig. 3. The theoretical prediction for the excitation energy oependence of 
rn/(1"n + 1"/) = I'n/1"tot is eOlllpaired with the experimented data. 

by r n/r / which is expressed as[9] 

rn __~ kcoll(.rJ.r.st.) " [? ~E* 
- . .rio exp ...., V {In.L.:.. nr / kcoll(saddlc)kKramars 
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where E~ Eint - En, Ej Etnt- B" Ao 4A2;:~a,E~/K oan[2Va,Ej 
1], Ko = n?/2mT~. kcoll lneans the rotational enhancement factor, and the 
Kramars faetor[10] is expressed as K/\"ramars hWI (VI + x2 - :r)/ vEi;~, :r = 
1/2wo . The level density paranleter in the ground state defonnation is assurned 
as [9) 

E* 
exp( - En)]} 

D 

Here ED is the shell dumping factor (\ve take 201\1eV here). 

Since we have a lack of the infornlation on the level density pararucter a, at 
the saddle point defonnation, we assume a certain relation between an and a, 
so as to reproduce the experirnental data [11-14] ofrn/(rn+r,). If we take the 
relation between an and a" we can not only reproduce the experirnental data 
r n/ (rn+ r,) by using the above forrnula but also use it extendedly for another 
case with large Z-number. The result is shown in Fig.3. We confirnl that this 
parameter set works well for produeing the experinlented data around the 
nucleus with Z=102. The isotope and Z-dependence of rn/r, are compared 
with the experiInental data [15] in Fig.4. 

The survival probability is then calculated according to the definition shown in 
the following which is expressed in ternlS of r n/(rn+ r,) at each evaporation 
step: 

N (i) 
p(l) = II rn 

sur r(i) r(i)
i=l n + , 

where i rneans the each step of the neutron eruission and the angular momen
tum dependence is conling frorn the i-dependent fission barrier. The actual 
calculation is done by using randoln nUlnbers and assuming the kinetic energy 
of emitted neutron as f~/2 e-(n/T[16]. 

Systematics of Cross Section 

In the calculation presented in the previous section, we have confirnled that 
the weighted survival probability (21 + l)pR)r is limited arOllnd l 30f1, for thet'V 

compound nucleus with Z - 102 t'V 118 [16], one of which is shown in Fig.5. 
Therefore, in the calculation of thfl evaporation residue cross section, \ve use 
the sharp cut off in the angular Inomentun1 space at 20h. 3 

3 In the recent improVCluent, the sunnnation is treated in the right way. It is found 
that the difference is only by factors. 
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Fig. 4. The experilnental data [15] for the isotope dependence of r n/rf are COln
paired with the theoretical value. 

\Ve selected the following neutron rich projectiles: 
48Ca, .50Ti, MCr, ""18 Fe, 64Ni, 70Zn, 76Ge, 828e, 86Kr, 888r, 96Zr, lOo:rvIo, 

and also selected the following neutron rich targets: 

l54Snl 160Gd 164Dv lioEr 176Yb l80Hf I86\V I940S 19~Pt 204Hg 208Pb,209po
, , .,' , , , , , , , , , 
228Ra, 232Th, 224pU, 2SoCIn, 252Cf. 

We have investigated 82 reaction channels forming the cornpound nucleus with 
Z = 104 rv 118 by arranging the above lists of projectiles and targets. For the 
case of the incident energy below the Bass potential barrier, the penetrability 
of the inverse parabolic llluitiplied to the PfOT so as to reproduce the experi
mental data especially for the 208Pb target seriese [17]. 

The value of the InaxirIlUIIl cross section for all 82 channels are plotted against 
the incident Inass aSYIllInetry a as sho\\"n in Fig.6. The cross section fonning 
the cOlnpound nucleus with various Z nUInber by the sanle projectile are 
connected by the various lines and labeled the naIne of elernent. In order to 
produce the higher Z cleInent fixing a projectile, the lllass of the target should 
be increased. As a results, the asyuunetry parauwter n becoine larger. For the 
projectile heavier than Zn and Ni, the lines indicate the descpuding nature as 
n Increases. 

On the contrary, for t he lighter projectiles Ti and Ca, the situation is diff0r<'ut. 
Due to the significant inCf(lase of the fonnatioll probability f()r the lighter 
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Fig. 5. Angular nlOmentum dependence of the weighted survival probability is plot
ted for three different excitation energy of the cOlupound nucleus. 
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Fig. 6. The values of the ruaximurn cross section for the fusion evaporation residue 
reaction. The data for the sanIe projectile is connected by the line. The Z-nluuber 
of the eOlnpound nucleus is identified by the different rnarks which are indicated 
in the right hand side of the figure. If you connect the open triangles 14) for 
exalnple, you can find that the cross section exceeds 1pb for 0' "-' 0.65. The same is 
for Z ~ 116. 

projectiles or the rerl10val of the fusion hindrance for large a, the formation 
probability defeats the dpcff'ase of the survival probability arising from the 
large excitation energy in the situation of hot fusion. As a results, the increase 
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Fig. 7. Yield of the fission fragrnents presented by Ridikas et al.[18]. 

of the cross section for Z > 114 can be seen in the region of 0:' > 0.6. 4 

5 Utilization of neutron rich projectiles 

Recently, Ridikas et al. [18] have presented the possibility of the use of neu
tron rich projectiles ranging frorn I\'lo to Ni isotopes by llsing the fission frag
Inent. (Fig. 7) According to our systernatics mentioned above, lighter projectiles 
are rather preferable to fonn superheavy elements. As an exarnple, we inves
tigate the evaporation residue cross section using Se isotopes. The rnaxiUllUIl 
cross section are plotted against the neutron nurnber of the COInpound nucleus 
(Fig.8). 

It is found that in general the cross section in(Teases as the increase of the 
neutron nllrnber of the projectile due to the decrease of the lucan ncutron sepa
ration energy, i.e., the faster neutron evaporation leading to the predolninanee 
of the evaporation process against the fission process. 

The drop down for the case of Z=108 at 90Sf' and for the case of 14 at 
gOSe in Fig.8 are ('orn'sponding to the deereas() of the shell correction energy 

4 It is noted that for the case of Z=116 and 118 the results presented in the rnecting 
will be rnodified so rnuch. The revised calculation shows that only ea projectile can 
realize the measurernent with over pico barns. Another large rnodification is that 
the reaction with the projectiles 8r, KL 8e and Ge show the large cross section 
(10-- 2 1 pb) in the case of Z=116 and 118 eOlnparing with the result presented inf"'.J 

Fig.6. Please refer to the forthcoming paper. 

-19



6 
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Fig. 8. Maxillmlll cross section fonning the cOlnpoulld nucleus with Z=104, 106, 
108, 110, 112 and 114 by using Se isotope projectiles. 

of the compound nudeus. The same is true for the case of Z=110 at 82, 84 
and 86 Se. 

Concluding remarks 

The calculation fronl the present lliodel show that the cross section of the 
synthesis of superheavy elenlents with Z ~ 114 changes its trend around 0:' 

0.5, i.e., the cross section for the elelnents with Z ~ 114 again increases with 
0:' and the pico barn llleasurelllent becomes possible in the incident channel 
mass aSYlllmetry 0: greater than 0.65 by using Ca and Ti projectile. Thisrv 

fact supports the hot fusion reaction. The present ll10del also shows that the 
utilization of the neutron rich radio isotope projectile is very hopeful for the 
experilnents to find new heavy elenlents with the nano barn rneasnrenlent. 
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Decay properties of superheavy nuclei 
predicted by nuclear mass formulas 

H. Koura 

Advanced Research Institute for Science and Engineering, Waseda University 


Our group has recently constructed a nuclear mass formula [1,2,3] composed of a gross part 
and a shell part. For the shell part, we first calculate spherical proton and neutron shell energies 
by using single-proton and single-neutron potentials, which we have newly constructed [4, 5]. 
These potentials reproduce fairly well the experimental single-particle levels of 15 doubly-magic 
and magic-submagic nuclides in a wide nuclidic region ranging from 4He, 8He to 208Pb. The most 
distinctive characteristic of this mass formula is that the shell energy of a deformed nucleus is 
expressed as an appropriate mixture of spherical shell energies added to an average deformation 
energy. This mass formula gives ground-state masses and shapes of nuclei ranging from light 
nuclei (Z 2:: 2, N 2:: 2) to superheavy nuclei. The standard deviation of the calculated masses 
from the experimental masses of the 1995 Mass Evaluation [6] is about 680 keV. 

In response to the recent increase of interest in superheavy elements we give some results 
based on the new mass formula. We also compare our predicted quantities with those of two 
relatively new mass formulas, the Finite Range Droplet Model (FRDM) formula [7] and the 
Extended Thomas-Fermi plus Strutinsky Integral (ETFSI) formula [8]. 

We first show the spherical single-particle levels in two superheavy nuclides 310126 and 298114 
(these single-particle levels were used as factors to construct the mass formula rather than 
deduced from the mass formula). The neutron gap at N = 184 is 2.49 MeV for 310126, and 2.50 
MeV for 298 114. The proton gap at Z = 114 is 1.88 MeV for 298 114, and that at Z = 126 is 
1.77 MeV for 310126. These values are considerably smaller than the magic gaps in the known 
doubly-magic nuclide 208Pb, where the N = 126 neutron gap is 3.43 MeV and the Z = 82 
proton gap is 4.21 MeV. This fact suggests that the magicities in SHE are less pronounced than 
in 208Pb (and also in 132Sn). 

We next show the shell energies of our formula in the superheavy region. In this figure 
we see that the alleged magicity at Z = 114 is not so remarkable, while the nucleus 310126 is 
doubly-magic although its double-magicity is weaker than those of 132Sn and 208Pb as expected. 

According to our mass formula, the ;3-stability line roughly goes straight from 257Fm to 
297113. 

We show the deformation parameter a2 of our calculation and ;32 of other two mass formulas. 
The figures of our and FRDM's formulas suggest that many nuclides around N = 184 have 
spherical shapes. 

The a-decay Q-values are calculated, and the a-decay half-lives are estimated with use of a 
phenomenological formula [9, 10]. These results are compared with experimental data and other 
predictions. Our a-decay Q-values present a feature of magicity at Z = 114 and at Z = 126 as 
relatively wide gaps between isotope lines, while a similar figure with use of FRDM has a larger 
gap only at Z = 114, and that with use of ETFSI (not shown here) shows no gap. Our a-decay 
half-lives To: depend on nuclides rather moderately, or regularly, compared with the other two 
predictions. We also compare Qo: and To: with the recent experimental data in the vicinity of 
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the nuclide 288114 [11]. The differences between the experimental values and the theoretical 
ones [7, 8, 12] are within 700 keV, not unexpected from the general deviations of the calculated 
Qa-values from the Qa-values of known lighter nuclides. 

Although the mass formula is concerned only with the equilibrium shapes of nuclei, we can 
use the same method to calculate the nuclear energies in other shapes. We show the energy 
surfaces against the nuclear deformation for some superheavy nuclei. For the nuclide 283112, 
the height of the fission barrier is only about 3 MeV and its width is relatively narrow, and the 
spontaneous fission half-life is expected to be rather short. On the contrary, for the nuclides 
293118 and 289110, the fission barrier heights are about 7 MeV and about 5 MeV, respectively, 
and their widths are fairly wide. Therefore, the spontaneous fission of these nuclides is expected 
to have very long partial half-lives, much longer than the a-decay half-lives. By the way we have 
chosen 289110 as the nuclide expected to have the longest half-life among the ;3-stable superheavy 
nuclides reachable by ;3+E decays. The a-decay half-life of 289110 is estimated to be about 1 
year. 

With the aid of our mass formula, we could form a picture of the decays of superheavy nuclei. 
Further theoretical as well as experimental investigations are necessary to make this picture nlore 
accurate. 
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1.(1) Shell energies 


i) Single-particle potential (spherical)*) 


• Central component (5 parameter potential) 

~en(r)=Vo +v 1 
{1 + exp[(r Rv) /av]}aV 1( dp 1+exp[-(r Rv) /av ] 

Extension of Woods-Saxon potential 

• Spin-orbit component (3 parameter) 

1 1 d ____
I 

N Vls(r) ~so 2m r dr (1 +exp[(r - R )/ al ]}~ ls sI 

(Coulomb energy is added to the proton potential) 
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*)H. Koura and M. Yamada, Nuel. Phys. A671, pp96-118 
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ii) Shell energies 


• Caclulation of the crude shell energy 
Energy of n neutrons (or n protons) put int 

the single-particle potential of the nucleus 
(Z, N) 

+ 
Subtraction from the above energy a smoot 
part which is a smooth function of n, Z, N. 
a substitute of the Strutinskv method 

_ Spheric~ 
Neutron and proton crude shell energies I -

(b) reduction 
• Effect of configuration mixing? 

Refined neutron and proton shell energies -
(Explained in· the next·sh:eet) 

Shell energies 



iii) Deformation effect of shell energies 
• Nuclear shapes 


R(9)=1°[1+a.2P2(cos9j+a.4P4(cos9)+a.6P6(cos9)+... J. 


We take axially and reflection ally symmetric 
shapes up to a6 deformation 

• Shell energies 


Esh(Z, N)= min [Ein( Z, N;a)+Edef( Z, N;a)]

Cl2,Cl4,Cl6 

() E in( Z, N; a): intrinsic shell energy . 

«:) Edef( Z, N; a) :average deformation energy 
I 

N 
en 
I 	 The intrinsic shell energy of a deformed nucleus is 

expressed as a weighted sum of spherical shell 
energies of its neighboring nuclei. 

A schematic illustration of the 
decomposition ofa deformed 
nucleus into spherical nuclei. 

V(N) corresponds to the fraction 
of the spherical nucleus with the 
neutron number N. 

Shell energies Esh(Z, N) 
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1.(2) Mass formula 

~(Z, N)=Mgro~~(Z, N)+Mt~o(Z, N)+Mshel1 (Z, N)I 

• Mshell(Z, lV):obtained as Esh(Z,N) in the last procedure 

KUTY100l
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Audi-Wapstra95 
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Other mass formulas (having similar applicability) 
IFRDM formulij (P. Moller et ai., 1995) 
(Finite Range Droplet Model) 
designed for Z, N ~ 8 

RMS Dev. from Exp. : 678 keV (KUTY formula: 642 keV) 

/ETF8rformul3/ (Y. Aboussir et aI., 1995) 
(Extended Thomas-Fermi + Strutinsky Integral) 
designed for A ~ 36 
RMS Dev. from Exp. : 732 keY (KUTY formula: 630 keY) 

2. Application to superheavy elements (SHE) 

2.(1) Single-particle levels in SHE 
(Our calculations) 
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Recent experimental Qa 

287114, 288114, 289114 and 292116 nuclei 


(by Oganessian et al. (1999, 2000)) 
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2.(4) Spontaneous fission 
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Fusion Reaction of Neutron-Rich Nuclei 

Y. X. Watanabe (RIKEN) 

It is known that the heavy ion fusion cross section is strongly enhanced in the energy region near 
and below the classical fusion barrier as compared to the expectation from the one-dimensional barrier 
penetration model [1]. Various mechanisms have been proposed to explain such enhancement of sub
barrier fusion cross sections: the zero-point motion of collective surface vibrations [2], coupling to inelastic 
excitation and nucleon transfer channels [3], and neck formation between the colliding nuclei [4]. These 
effects can also be treated in terms of distribution of fusion barriers [5, 6]. 

Because of the possibility of using neutron-rich radioactive projectiles to synthesize new heavy nu
clei [7], there is great interest in the magnitudes of sub-barrier fusion cross sections with neutron-rich 
nuclei. Several theoretical predictions [8, 9, 10, 11, 12, 13] have suggested that there will be significant 
enhancements to the fusion cross sections for halo nucleus owing to the larger radius of the halo wave 
function, coupling to the soft El mode, and coupling to the projectile breakup channels. 

Measurements of sub-barrier fusion with radioactive projectiles have been performed for 38S + 181Ta 
at NSCL(IVlSU) [14], 6He + 209Bi at Notre Dame [15], and 6He + 238U at Louvain-la-Neuve [16]. The 
authors of Ref. [15] suggest the possibility of neutron transfer channels. At RIKEN, we have studied 
29,31 Al + 197Au, 10,11 Be + 209Bi [17], and 6,8He + 40Ar. In this talk, we report these experiments and 
results. 
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Target Energy Intensity Prod. Exp. 

Ion (mglcm2) (MeV) ~E (cps) Meth. Meth. Efficiency Facility 


29AI 197Au 10XO.4 161---216 <1.4MeV 1X105 fragmentation fission,MWPC ---300/0 RIKEN 

31AI 197Au 10XO.4 119---200 <1.5MeV 3X104 fragmentation fission,MWPC ---30% RIKEN 

38S 181Ta 0.5 150---260 <1 MeV 2---7X103 fragmentation fission,PPAC MSU 

32S 181Ta 0.5 150---300 0.2MeV fission,SSD MSU 


I 118e 2098i 4X1.0 28---66 <1 MeV 1X105 
fragmentation a-decay,SSD 33% RIKEN 

eN

I" 10Be 209Bi 4X1.0 32---60 <1 MeV 2X105 
fragmentation a-decay ,SS D 330/0 RIKEN 

6He 1098i 1 19---28 1.5MeV 2X105 9Be{Li,6He) a-decay,SSD 210/0 Notre Dame 
238U6He 0.6 15---29 0.1---5X106 fission,SSD <700/0 Louvain-Ia-Neuve 

4He 238U 0.6 18---23 1---4X108 fission,SS D <700/0 Louvain..la-Neuve 

8He 4°Ar 64XO.2 16---24 <0.5MeV 0.6---1 X l' 03 fragmentation residue,MUSIC RIKEN 

6He 4°Ar 64XO.2 14---20 <0.5MeV ---2 X 1 03 
fragmentation residue,MUSIC RIKEN 



I ......___Flight Path ___+t••' 

:4- 5.78 m I 

I I 
I 
I 

F21 

AI Beam 
-......Vr-

AI Degrader 

Plastic Scintillator 
Front View 

of 
the Target Chamber 

MWPC 

on Targ#lBeam Intensity 

· · · . 

CJfus-fis 

1'25' . '.... 

... 

Ecm(29Al) (Nkt.V]i 

l' 0 ll~ 120 

-32



500 

tOO 

10 

5 

• n AI (IAIRJ) 

• "AI (RKDf)
•. -AI. 

• -AI , 
f 
t 
t, 
I, 
I 
I 
I 
t -a-I~'" 
I 
t 
I 
I 
t 
t 

1.0 

tOO 

Ml 

1.2 

1000 

.......... 

A -e 50 

b 

£-/,..... 

-33



-
 ......+1+-_...[> 

100x100 

SOt 

F3 chamber 
t, 
f 
t 
I 

SSOIo'·::::;. 
•<;::.".•.• ~:: ~ 

.... .............. l'ti..."",.--.,...",.,..:."""".. -----~ 

~~~~ 
~·cm@.~ 

Secondary ReadtioIrti 
Detector Chamber 

" ..... ~---...-----

Beoeam 

4-Bi Targets 

-34



"RIKEN data 
• ··Fit1 

..•.& ..• Fit2 11 Be 

...... F!t1 108e 
Ae··~---,Flt~ 

ItI~, 

T'~/~cla 
(.aLV.a:'a.gedi dIadta..) 

.~,.' !9I&e, 

~-T--~~~------~ 

35 40 45 

,. 
a..~ ~;~, ;;-, "-_ 
~~s;:_ 

u,~ 

3--, ~.,~i• 

Ute 
y..~ ,-." ~;~i~ 

100 

0 
0.018 0.020 0.022 

'.11 I II I I I I 

$§ 5'0 45 

· .· .· .: .....................:........................j..................... 

.. 

l~k:x!3.~~l ; 
it 

0.024 0.026 0.028 0.030 
I I I ., I I 

40 35 Ecm(MI$V] 

-35 



__ 

-------

. , ,','.' ".' "izati~n Chamber 

~7IIt?)it.
l!JlI~~~'l1l/I -'~' · '. ~ IMiJ~~tiae OIl 

.• , 1R.eam-hI 
Field-Cage 

'" 

000 


?a 
ill 
"0 00000 0 

x 
React in Detector ~ High EfIidewq 

. dE/dX Multi-Sampling 
... Excitation ~ 
- 'I1IkbM.,-------.... Target 

w~'" lMnU~II<C ~ 3D-Trackiol;I~~ ~------- Event Selection 

-36



10.... 
S 
~..30 

o...s 


0 ... 


0.2 

.. _'" _._._ r,J-. _'-a 
0.'8 

.'"'._"" __ .... _'"' _________ ... - ..- ... - ... _1'" 

0.' 

O.OS 

0 
0 20.. ,. .... 

~ ..-. 

~~"'''~IDI,.n ["'til. 

etitS t Ie SeA ttl y ~ 

-10 
0 5 10 15 20 25 .}0 55 40 45 

PAD;No. 

20 

toE • ,...
~ 
c 

c6~ 
'ii c
0 4 
0

l2"0 
e 0 ~0 

·c I
N 

0 
-2 

:r: I-4 
I-6 
I-8 

E 
u 18 l-e 

I- o fIjd1t=2OOIItd'/1!W>0 16..;; 14 I...0 

I12"0 
v 

10 .... ~H'e Ar
i 
> I 

~oooooooooooo~ 

0, .... 

4 

2 

0 

~ r·n 

~ 
o.~ 

o.a. 

o.a 

G.'. 

0.' 

0._ 

e 

G 
G

f0

'
It t I. • . ~o~ I· • II f, I 

0 5 10 t5 10 1'5 ~ li5 410 46 
PAD ... 

.J 
.-'~I-'..I

--,,-"'_.- ......---------_.--.,-

e ao aa'0 

-37

oGtE/.-=~~ 
0 

o 
\1te"He 

III 

•......•..•.~ 
Ar 

. I . I. . I t 1 1 I. J. J. 

6H€ 



sd - pf a ~Jj~ l-: 1.,"'7 ~ 

] ~1J ~B § 1t }Jj t ;f~k,.t~ l)aJ~ 

~ ~ hff?t~ 

! t ~ / J.t~ A/IX #iii' 

~1!fA 7!. ;K J5- f.J j{] 
i::*K~~t: ~r~ Jttt 


blhr - 22 rl"1f ?- 7 Y3'") 7" 

r?7~9- ~1tjt~ -7:/'}/vj) ~~~~ 

-38



vtJ$
sd. - pr f,& i~ i~ L: tJ' I; ~ f& ~ I) 

JL~ '[ ~ (1) ~ ~ ~ 1: ..t ~ Jf M-. 

,-..., seA 	- r:t ~ ~~ 1J\ l-: ~. tj ~ 11,* If( --

o 	 ~ 1tJ .; 3 ~~ . 

· pf ~ fJ) ~ 

• 'n\o 'YlO po le ;-t\+e ~+iD~ If) '9. $j 

· stl- Pf ~ 1~ »t I) 1 JJi a- I ;j.)~ =¥- 

· ;r:,f-Jt Ai n 4.lt:. ~" 1ijJ!., _ 

--39



l'n trD tAlA C ti O?1. 

o M..~ sci. - rf ~ ~ iJ'\ 

¥ Jt~ ~»~ ---., N= 20 n Jl~lt,bY*;t 
t. 

;f.f-Jt~ ~jy~--- N=2D J\~~7~5ti (:i.~/2) 
T, }-{o+o ~lAs~, c.t oJ..) p"'r. ~tt. B ~, , 

( 111J) 

N= 16 ~7!.& n ill 1R.; (B~ 8) 

A. Oft;\.wo. et a..Q.) 
" 

Ph, s. J<ev. Lett. ~ -' 
~~3 (:2000) 

"Island of inversion" ( LJtA.y bl.4ytOlt\ et ai. .. 1: ~~ 1'~ ) 

Si
Z 

Mg 

Ne 

8 

16 20 28 
N 


stable nuclei 

-40



Er.e.r}j leve ls o.m.tA B(E2) vo.llA€S 

of Ko

+~ 2 (a) 
~ 

i 

I 
L 

(b)
I 

r 

I 
i 

1-
0 

C'l 

f 600 

+a 
400 

~ 
C"l 
l::.:l 

~2q 200 

o t 
12 14 16 18 ~ 

N 

c. t7.etrA~ et alL., PRCJ.1, 16~ (l~7q)) 

D. Gu,ll~1WVl~ - t--LLA.en~r et a.1.J NPA+26 I 

37 ( 1<J 8-+ ) 

T- H.o+obo./a.~hi e-t &., fL8 34(, I ~ (1'1'1S) 

-41



VOLUME 84. NUMBER 24 PHYSICAL REVIEW LETTERS 12 JUNE 2000 

New Magic Number, N = 16, near the Neutron Drip Line 

A. Ozawa, l T. Kobayashi? T. Suzuki,3 K. Yoshicia., l and 1. Tanihata l 
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2Department of Physics. Tohoku University, Miyagi 980-8578, Japan 

3 Department of Physics, Niigata University, Niigata 950,.2181, Japan 


(Received 15 February 2000) 

We have surveyed the neutron separation energies (SII) and the interaction cross sections (CTd for the 
neutron~rich p-sd and the sd shell region. Very recently, both measurements reached up to the neutron 
drip line, or close to the drip line, for nuclei of Z 8. A neutron~number dependence of SrI shows 
clear breaks at N 16 near the neutron drip line (Tz ;::: 3), which shows the creation of a new magic 
number. A neutron-number dependence of CT/ shows a large increase of CT/ for N 15, which supports 
the new magic number. The origin of the new magic number is also discussed. 

PACS numbers: 21.10.Dr, 21.10.Pc, 25.60.Dz, 27.30.+t 

Recently, nuclear structure for neutron-rich nuclei has 
attracted much attention because of its exotic nature, such 
as a halo and a skip (1]. However, experimental observa
tions have been limited to neutron-rich nuclei due to ac
cess difficulLies. Recent improvements of secondary-beam 
techniques now allow us to measure the mass and the in
teraction cross sections ((T/) for nuclei on the neutron drip 
line or close to the drip line. Direct mass measurements 
have reached or been near the drip line for Z ~ 8 [2]. On 
the other hand. measurements of (T/ have reached the drip 
line for Z ~ 8, except for 22C (3]. Both improvements 
allow us to survey the systematics of neutron separation 
energies (Sn) and for the neutron-rich p-sd and the(J'/ 

sd shell region. It is noted that recent progress involving 
a Glauber model analysis for (J'/ allows us to distinguish 
the angular momentum of a valence neutron and provides 
some spectroscopic information (3]. The analysis is a good 
tool to investigate nuclear structure for neutron-rich nuclei, 
where spectroscopic information, even for spin parity, is 
not known at all. 

The shell structure is ooe of the very important quan
tities concerning nuclear structure. Recently, magic num
bers in the neutron-rich region were extensively studied, 
both experimentally and theoretically. For example, the 
disappearance of the N = 20 closed shell was shown in 
32Mg experimentally in terms of a low-lying 2+ level [4] 
and a large B(E2; ot -- 2t) value [5]. Also, mixing of 
2SI/2 and 1PI/2 orbitals eliminates the N = 8 magic num
ber in neutron-rich Li and Be isotopes [6,7]. Although the 
disappearance of magic numbers has been discussed, as 
shown above, no appearance of a magic number has thus 
far been shown experimentally. 

In this Letter, we survey Sn and (T/ for the neUtron
rich p-sd and the sd shell region to investigate a new 
magic number. N = 16 for nuclei near the neutron drip 
line shows a new magic number in the systematics of a 
neutron-number dependence of Snand (J'/. 

We show a neutron (N) number dependence of experi
mentally observed Sn [2] for nuclei with odd N and even Z 
(odd N and odd Z) in Figs. 1 (a) and l(b), respectively. In 

0031-9007/00/84(24)/5493(3)$15.00 

Fig. 1, a magic number appears as a decrease of Sn along 
with an increase of N [9]. The traditional magic numbers 
(N = 8, 20) are clearly seen close to the stable nuclei as 
breaks in the small T'l. lines. However, the break at N = 8 
(N = 20) disappears at T'l. = 3/2 (Tl. = 4), which is also 
known in connection with other experimental quantities, 
as discussed above. On the other hand, a break in the Sn 
line appears at N = 16 for Tl. 2: 3, as clearly shown in 

10 (a) 

8 8 

6 

10 15 20 25 
N 16 

13 14 15 
Z 

FIG. 1. (a) NeuU'on (N) number dependence for experimen
tally observed neutron separation energies (Sn) [2] for nuclei 
with odd N and even Z. The closed circles, closed squares, 
closed diamonds, closed triangles, and closed inverse triangles 
show different isospin numbers (Tt ) from 1/2 to 9/2. (b) Neu
tron (N) number dependence for experimentally observed S" 
[2] for nuclei with odd N and odd Z. The closed circles, closed 
squares, closed diamonds, closed triangles, closed inverse trian
gles, and open diamonds show different T! from a to 5. In the 
figures, we do not show experimental errors below :!: 10 ke V . 
The solid lines are guides to the eye. The breaks correspond to 
magic numbers. as shown by arrows. The inset shows deduced 
spectroscopic factors (S factors) for nuclei with N = 15, which 
are data deduced from (d, p) reactions [8]. 

© 2000 The American Physical Society 
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Figure 2-23 Sequence of one-particle orbits. The figure is taken from M. G. Mayer and 
J. H. D. Jensen, Elementary Theory of Nuclear Shell Structure, p. 58, Wiley, New York, 1955 . 

.,. 	 Spectra of odd-A nuclei conlpared with predictions of one-particle model 

(Fig. 2-24) 

The evidence on the spins 	and parities of the low-lying states of odd-A 

nuclei is summarized in Fig. 2-24 and is compared with the predictions of the 

simp1eone-particle model described in the text. 

Since the one-particle model assumes that the core remains in the hr. = 0 + 
configuration of the even-even ground state, we must expect to find states foreign 

to this model at excitation energies of the order of the energy, E (2 +), of the 

first excited lrr = 2 + states of even-even nuclei (for the observed values of £ (2 +), 
see Fig. 2-17). Thus, we have included in Fig. 2-24 only the states with excitation 

energies less than t£(2 +) in the case of states with the same parity as the ground 

.... 	 state; for states of the opposite parity, the highest excitation energy included 
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..-tea 1.16 1'1.45 1.43' 1~31 1..25 1..26 

4:6Ca 1.35 1.45 1.42 1.26 1.22 .1.~3.' 

fJ:z 2? 48ea 3.83 1.80 1.60 1.23 .1 ,30
." ..... .1..# . . 

..
50Ga 1.03 1.41 1.35 1.27 1'.10 1.17 

((11/2)81 'liGS) 0.468 0.381 0.214 0.345 0'.437 

AI= E:..2t¥ 56 N';· 

56N i Model space (11/2P3/2)16 

. 0.,42 ·:~"42·,· 

«f712)161~Gs) ;(DJ!HL.l . '0AJm.9. 

(n3/2) 5.·2 5.0 

2.70 0.39 0.31 0.43 

0.04 0.015 0"(J18 

4·.5 5.2' 5.7 

do nor- r--r:oJv.ce... 

G'o.sv~ I 
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Monopole interaction 

J dependence ~~~1~L t~ interaction : 
, 

y:T = L.J (2J + 1) (ij IVI ij) JT for T == 0,1. 
1,) . ~J (2J + 1) , 

; J.l~3o~.M.A+ir]C e.I,€ll'AeM-t "J l~ ; 3 
Jf-J1;} {tJ 

H~"!1T)
1,) I: {akkndnk - 1) bkk (T/ - ~nk)} orb, t ~ 

k=i,j 2 2 4 


+aijninj+ b~ {(t+Tj)2 _t2 -T/}, ,n,bit ra, 

where ~S'a..e - Fr"""c~ -forrm.I.A.P.c..., 

G.;j = ~ (3V;} + V;~) , bij = V;} - V;~ 

«It isospin dependence, two-body interaction 

isospin coupling ~ fix -+ i, j r~~ monopole ex Aijn(nj 

Aij : orbit i, j r~' (J) average interaction 0) strength 
: 

1) ~ Tj =~ + Tj = 0; (1J:~) 

2) i, j ~:. proton (neutron) tc ~t; 
2" rsosp,m krw~ 

• ~~ : strongly attractive, ~; : weak Ji'\-1ffl' I:: t-f
_ total binding energy t;: *-~ <==ttrl:J

_ orbit-number dependence 

-+ N, Z ~ ~ t~;: ~1l::-9 Q single-particle structure 

JJ; 

N e-Hecftve sl'h(f-1e r~,:r+fc!e e ?terJ)I I, 
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------------ ----- --------- ----------

--- -- --------

v (~V ) 'h"O?\O pole ;~t .. 
i J T KB KB3 FPD6 T 
1 1 0 1.15383 -1.50250 -1.46240 Via 
1 2 0 0.96825 -1.26825 -1.20067 
1 3 0 -1.63417 -1.93417 -1.84556 
1 4 0 -1.06888 , -1.36887 -1.24028 Jor pf Shell. 
2 2 0 -1.47410 -1.47410 1.45482 
2 3 0 0.93263 -0.93262 -1.22322 
2 4 0 -2.04475 -2.04475 -1.84312 1 : 1*3 3 0 -0.95071 -0.95071 -1.34367 
3 4 0 -0.75358 -0.75358 -1.17177 
4 4 0 -1.07400 -1.07400 -1.19210 2~ P¥2 

----------------~-----

~ co 
I 

1 1 1 -0.12775 -0.24071 -0.20750 3 .... f%I 1 2 1 -0.10381 0.19619 0.17390 
1 3 1 -0.22529 0.07471 -0.08238 -t= p~1 4 1 -0.14144 0.15856 0.23946 

2 2 1 -0.51767 -0.51767 0.01050 

2 3 1 -0.01533 -0.01533 0.09292 

2 4 1 0.37300 -0.37300 0.14820 

3 3 1 0.04880 0.04880 -0.08736 

3 4 1 0.06333 0.06333 0.15152 

4 4 1 -0.24900 -0.24900 0.14060 


..kB3 . A. Poves ~ A. P. ZlAke'r) l'h,s. Rep. JQ 7 23S- (1~&/)
Ff'lIb : W.. A. Richter et- a1.) N«.e (. Ph7J . At21 , 3~ It?9l) 



15 

10 

x 5 
w 

o 
KB3 EXP FPD6 

FIG. 1. Experime11tal (EXP) yrast levels of 56Ni compared 
with QMCD results with FPD6 and KB3 Hamiltonians. The 
B(E2; (L + 2)t ~ Lt) value is indicated by the widt11 of the 
arrow, which is so ti1at the experimental B(E2; 2t ~ at) value 

2 fm4takes its ll1ean value, i.e., 120 e [15]. 

1590 
T. Ois'lAka. et 01....., PhJs. Rev. Lett. ~ J 

]!;~8 (19'7~)-
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--------------------------------------

--------------------------------------

T 
\J;.a jor sA-r~ shel t 

l j T SDPF KOUSD 

1 1 0 -2.44347 -1.95189 
1 2 ·0 -4.15682 -3.61920 
1 3 0 -2.74700 -2.23510 
1 4 0 -3.10212 
1 5 0 -1.91045 
2 2 0 -2.94697 -2.35245 
2 3 0 -2.85463 ...;2.41286 
2 4 0 -2.90692 
2 5 0 -1.92199 
3 3 0 -3.26280 -3.18390 
3 4 0 -2.00437 
3 5 0 -3.06849 
4 4 0 -1.46615 
4 5 0 -1.23033 
5 5 0 -1.87311 

1 1 1 -0.38617 -0.07043 
1 2 1 -0.01022 -0.64238 
1 3 1 -0.02652 -0.12292 
1 4 1 0.08261 
1 5 1 0.06549 
2 2 1 -0.60044 -0~53793 

2 3 1 0.10389 -0.43612 
2 4 1 -0.08372 
2 5 1 -0.08974 
3 3 1 -2.02460 -1.94930 
3 4 1 -0.17483 
3 5 1 -0.48163 
4 4 _ 1 -0.16233 
4 5 1 -0.13191 
5 5 1 -0.65779 

1 : ol9h 
2: ASh 
.3 :. ~~ 

4: ~% 
s .~ P% 
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E-ffective si't\~le po..rticle enerd-'y 


- 21~/J I) "f:j}~ E RA ')Alh~ (~()'nopole i~+er~cir~J 

~ N, l l~ J: ~ ~ 1t:J ct ~ . 

lp~
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t3 f~~ 1j jgE it ~ ~ ~ 3 . 
Od¥2 XJ()()( 

;2. l{ () eti.E (f) ~~/(;~-- ~. 	 1SV:z )IX , 
O"-¥!'l )( K X )( " ,tt ,,~ 

b~re tJ. Si'hd- le pArtrc.(e 
7lf 

e)\er~y t:. 1nOIJl'\ 0 po Ie 
L: ;,iihte rAc.,.i 0'" ~tl t ~.' 

( lsos-pilh n ~().pll'1\1l(}' lowe~t 	-z~~~ ~ fA.~;;~) 

3. occv.pieJ. orhi+ I: ;it L 'i"d. sepo..~+fO'n. ener3-1, 
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bi'h Ai'h3 e'f\e.,..!I l-:'; ') . ~ 0 ~bit If) efte c tivef) 
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N:: 1~ () she tl 

V\.t)\ c",.:. Ke V 

8 I 0.8 0.9 1.6 2.3 2.9 3.6 4.2 4.1 2.1 2.0 2.0 2.0 2.0 

9 I 0.9 2.5 2.0 2.7 3.3 4.0 4.6 4.4 2.4 2.4 2.4 2.3 2.3 


10 I 1.3 1.5 3.6 3.1 3.7 4.3 4.9 4.7 2.8 2.7 2.7 2.7 2.6 

11 I 1.6 1.9 2.6 4.6 4.1 4.7 5.3 5.1 3.1 3.1 3.0 3.0 2.9 

12 I 2.0 2.3 2.9 3.6 5.5 5.0 5.6 5.4 3.4 3.4 3.3 3.3 3.3 

13 I 2.4 2.7 3.3 3.9 4.5 6.4 5.9 5.7 3.7 3.7 3.7 3.6 3.6 

14 I 2.7 3.1 3.7 4.3 4.8 5.4 7.3 5.7 3.8 2.0 1.9 1.9 1.9 

15 I 2.3 2.7 3.3 3.9 4.5 5.0 5.6 5.3 2.7 0.9 0.9 0.9 0.8 

16 I· 1.2 1.5 2.2 2.8 3.3 3.9 4.5 4.2 2.3 1.7 1.7 1.6 1.6 

17 I 1.8 2.2 2.8 3.4 3.9 4.5 5.0 4.7 2.9 2.9 2.2 2.2 2.2 

18 I 2.4 2.8 3.4 4.0 4.5 5.1 5.6 5.3 3.4 3.4 3.4 2.8 2.7 

19 I 3.0 3.4 4.0 4.5 5.1 5.6 6.2 5.8 4.0 4.0 3.9 3.9 3.3 

20 I 3.6 4.0 4.6 5.1 5.7 6.2 6.7 6.3 4.5 4.5 4.5 4.4 4.4 


~~---~----:---=~---==---=:---==--~--==---=~---=~---=~---==---:~------

SV.2 

@ 

d~ " ,f 1< 
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---------------------------------------------- ---------------------------

N-::: 16 tiJ e jfe c.+ive she ( I d-G\p 
(sy~ - .tA3;3, ) Jr>r l1eLLf,..O"h.s 

N !A?\it: Me V 
~~ 8 9 10 11 12 13 l~ 15 ~ 17 18 19 20 

8 I 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 6.0 6.0 5.7 5.3 5.0 
9 I 3.5 4.0 3.9 3.8 3.7 3.6 3.5 3.5 5.4 5.4 5.0 4.7 4.4 

10 I 2.8 2.8 3.2 3.2 3.1 3.0 2.9 2.9 4.8 4.7 4.4 4.1 3.8 
11 I 2.2 2.1 2.0 2.5 2.4 2.4 2.3 2.3 4.2 4.1 3.8 3.5 3.2 
12 I 1.5 1.5 1.4 1.4 1.8 1.8 1.7 1.8 3.6 3.5 3.2 2.9 2.6 
13 I 0.9 0.9 0.8 0.8 0.7 1.2 1.1 1.2 3.0 2.9 2.6 2.3 2.0 
14 I 0.3 0.3 0.2 0.2 0.1 0.1 0.5 0.7 2.4 2.3 2.0 1.7 1.5 

5 I -0.5 -0.6 -0.6 -0.6 -0.7 -0.7 1.0 2.3 3.5 3.4 3.1 2.8 2.5 
16 I 0.7 0.6 0.6 0.5 0.5 0.4 2.1 2.3 5.2 3.8 3.5 3.3 3.0 
17 I 2.9 2.8 2.7 2.6 2.6 2.5 2.4 2.6 4.3 4.1 3.5 3.2 3.0 
18 I 2.9 2.8 2.7 2.6 2.6 2.5 2.4 2.6 4.3 4.1 3.8 3.2 3.0 
19 I 2.9 2.8 2.7 2.6 2.6 2.5 2.4 2.6 4.3 4.1 3.8 3.5 3.0 
20 I 2.9 2.8 2.7 2.6 2.5 2.5 2.4 2.6 4.3 4.0 3.8 3.5 3.2 
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------------------------------------------------------------------- ------

·N: 2D e-ffe c..1, ve She It dt:l.P 
Jor "Y1 ~ lA+h)-?\ S 

l 
( P\% - .-£% ) 

..~7\ c-t .. ~v 
8 9 10 11 12 13 14 15 16 17 18 19 ~ 

8 I 1.5 1.4 1.3 1.2 1.2 1.1 1.0 0.9 0.8 0.9 1.3 1.7 2.1 

9 I 2.7 2.0 1.9 1.8 1.7 1.7 1.6 1.5 1.3 1.4 1.8 2.2 2.6 


10 I 3.3 3.2 2.4 2.4 2.3 2.2 2.1 2.0 1.8 2.0 2.4 2.8 3.2 

11 I 3.8 3.7 3.6 2.9 2.8 2.7 2.6 2.5 2.4 2.5 2.9 3.3 3.7 

12 I 4.3 4.2 4.1 4.0 3.3 3.2 3.1 3.0 2.9 3.0 3.4 3.8 4.2 

13 I 4.8 4.7 4.6 4.5 4.4 3.7 3.6 3.5 3.3 3.5 3.9 4.3 4.6 

14 I 5.3 5.2 5.1 5.0 4.9 4.8 4.1 4.0 3.8 4.0 4.4 4.8 5.1 

15 I 6.0 5.9 5.7 5.6 5.5 5.4 4.7 4.2 4.1 4.3 4.6 5.0 5.3 

16 I 6.2 6.1 6.0 5.8 5.7 5.6 5.0 4.8 4.3 4.5 4.9 5.2 5.6 

17 I 2.5 2.4 2.3 2.2 2.2 2.1 3.2 3.1 3.7 5.3 4.8 5.1 5.5 

18 I 2.4 2.3 2.2 2.2 2.1 2.0 3.1 3.0 3.6 3.9 5.5 5.0 5.4 

19 I 2.3 2.2 2.1 2.1 2.0 1.9 3.0 2.9 3.5 3.8 4.1 5.8 5.3 

20 I 2.2 2.1 2.1 2.0 1.9 1.9 2.9 2.8 3.4 3.7 4.1 4.4 6.0 


j~--

J~--
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FIG. 6. Top: Single-neutron d3n and f7!2 energies as functions 
of Z predicted in several Skyrme-lIF models. The positive-energy 
levels are marked by a dashed line. Bottom: the size of the corre
sponding single-particle N == 20 gap, Lle20' 
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~o 0> -- 32Mg 
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~4~=¢~~~~~:~~~~~~~~~~~~~b~ 
C/J. 

~o 
SkP 

o ...... 
SkM* Skl1 SkO' 

-4 

-0.2 0 0..2 0.4 -Q.2 0 0.2 0.4 -0.2 0 0.2 0.4 

~ 

FIG. 2. Potential energy surraces for 30J2J4Mg as functions of 
quadrupole defonnation f3 for the set of Skynne parametrizations. 

poses, we employ the Inglis cranking approximation which is 
A A 

obtained from the above expressions by letting H ~ ho, with 
A 

ho being the mean-field Hamiltonian. In the following, the 
results of calculations of the potential energy surfaces (PES) 
always pertain to the total energies corrected for the zero
point motion, as in Eq. (3.16). 
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Shell model study on Thomas-Ehrman shifts 


in sd-shell nuclei 


and its relevance to rp-process nucleosynthesis 


H. Nakada 


Department of Physics, Chiba University, Chiba 263-8522, Japan 


1 Introduction 

The structure of sd-shell nuclei along the /3-stable line has well been described by the 

shell model, with the standard USD Hamiltonian [1]. While this Hamiltonian maintains 

isospin symmetry (except for the overall energy shifts due to the Coulomb force), the 

recent experiments on proton-rich nuclei have disclosed that the Thomas-Ehrman shifts 

(TES, the level shifts between mirror nUclei) sometimes amounts to several hundreds keY. 

The TES could significantly influence the scenario of the rp-process nucleosynthesis and 

related astrophysical phenomena (novae and X-ray bursts). In order to obtain reliable 

prediction concerning the rp-process, it is important to describe the TES correctly. 

2 TES and residual interaction 

Quite recently, we have shown [2], by analyzing the measured TES in A ~ 16 mirror 

nuclei, that the residual nuclear interaction (RNI) has smaller matrix elements as the 

single-particle orbit distributes over a broader range. This effect is significant for the 

(lS I / 2 )p orbit in proton-rich nuclei of this mass region. 

The observed energy spectra of I6N and I6F show a remarkable difference, as illustrated 

in Fig. 1. Even the ground state spins do not match. If the (OPI/2)-1 ® (Od5/ 21sI/2)1 

model space is assumed, the lowest four states in I6N and I6F are classified into the 

IOpI/~Od5/2; J = ,3-) and IOPI/21sI/2; J 0-,1) multiplets. Shell model Hamiltonian 

in this model space is determined phenomenologically, from the low-lying levels of 170 

and I7F (for single-particle energies) as well as from those of I6N and I6F (for RNI). The 

RNI matrix elements thus obtained are shown in Table 1. While Vnp is similar to "\;~m 

for the (OpI/~Od5/2) elements, the (OpI/~lsI/2) elements show obvious discrepancy. The 

~7np(OPI/21sI/2; J) element is smaller by a factor of about 0.7 than Vpn(OPI/21s1/2; J), both 
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Exp. 

Figure 1: Experimental energy levels of 16N and 16F. 

for J = 0- and 1 - . 

The recent data on ot of 16Ne [3] also indicate the RNI reduction. By applying a 

reduction factor for the matrix elements regarding (IS 1/ 2 )P (denoted by ~s) to the USD 

interaction matrix elements1 the low Ex(Ot) of 16Ne is reproduced. Figure 2 depicts the 

results of the shell model calculation in the small model space (OPI/2)-2 0 (OdS/21s1/2)21 

in conlparison with the data. Though the agreement in the excitation energies between 

experiments and the calculation is not satisfactory, it is sufficient for qualitative argument. 

The TES in ot between 16N and 16F cannot be accounted for by other mechanisms like, 

saY1 nucleus-dependence of the single-particle energies1 which gives even higher Ex(Ot) 

for 16Ne than the ~s = 1 (i. e. no reduction for (IS1/2)P) case. For detailed discussion1see 

Ref. [2]. 

We have also implemented a semi-microscopic calculation1 in which the M3Y inter-

Table 1: Matrix elements of residual proton-neutron interaction Vpn(jlj2; J) and 

Vnp (jlj2; J) deduced from 16N and 16F (MeV), and their ratio. Taken from Ref. [2]. 

Jl J2 J1r Vpn (jlj2; J) 

Opl/~ OdS/ 2 2- 1.653 1.560 0.944 

Opl/~ OdS/ 2 3- 1.951 1.857 0.952 

Opl/~ IS 1/ 2 0- 0.902 0.641 0.710 
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Figure 2: Energy levels of 16C and 16Ne. Taken from Ref. [2]. 

action matrix elements are evaluated with the Woods-Saxon (\VS) single-particle wave 

functions. From the proton-neutron ratios of the matrix elements in the WS+ fv13Y model, 

which are shown in Fig. 3, it is confirmed that the RNI reduction originates in the broad 

radial distribution of the relevant single-particle orbit, and that the reduction is important 

in (lSl/2)p' 

Shell model calculation for light sd-shell nuclei witl'} 

isospin breaking interaction 

vVe extensively study structure of the light sd-shell nuclei, both stable and unstable ones, 

in the shell model framework. We restrict ourselves to the A ::::::: 20 region at present, 

but aim to describe even the TES, by reproducing the energy levels to a good precision. 

For this purpose, we develop a new Hamiltonian which has isospin-breaking effects. The 

single-particle energies are taken from the 170 and 17F data, by which the isospin-breaking 

effect in the single-particle energies is introduced. In order to take into account the above 

mechanism (reduction of the RNI for orbits having broad radial distribution), we modify 

the USD interaction as follows. 
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Figure 3: Proton-neutron ratio of the M3Y interaction matrix elements (& of rms radii 

of single-particle orbits), evaluated with the single-particle wave functions in the Woods

Saxon (vVS) potentiaL The depth of the WS potential (central part) Vo is slightly varied. 

Taken from Ref. [2]. 

L 	 Multiply T = 1 interaction matrix elements by rv 0.9 (so as to reproduce the energy 

levels of ISO). 

2. 	 Add the Coulomb matrix elements to Ypp, which contributes to the diagonal elements 

by OAMeV. 

3. 	 Reduce Ypp (in addition to 1), by 20% for diagonal elements regarding (lS 1/ 2 )P and 

by 5% otherwise (so as to reproduce the levels of ISNe). 

4. 	 For Vpn, reduce T 0 elements by rv 5%. Also apply additional factors for (lS 1/ 2 )P 

(so as to reproduce the levels of ISF). 

The level scheme of IsF is compared in Fig. 4. The present Hamiltonian reproduces the 

experimental levels well, except for intruder states. It is no worse than the original USD 

Hamiltonian. 

The energy levels of the ISO-ISNe mirror nuclei are presented in Fig. 5. The proton 

separation energy Sp of lsNe (short bar) and the Gamow window for 17F(p, ,) at T 
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Figure 4: Energy levels of 18F. 

1.5 X 109K (error bar) are indicated at the right most part of the figure. The 3T state 

of 18Ne may playa significant role in the onset of the rp-process [4], because this state 

can be reached by an s-wave proton capture on the 17F ground state. The energy of the 

3T state is confirmed recently [5], showing large TES from its mirror partner and being 

inside the Gamow window for (p, ,) at T = 1.5 X 109K. This 3T state is well reproduced 

by the present calculation. 

Large TES is suggested also for It of 20Na by a recent experiment [6], which becomes 

around the bottom of the Gamow window for 19Ne(p, ,) at T = 1.5 X 109K. It is noted 

that, dependent on the excitation energy, this 1+ level may be important to the rp-process 

via the proton capture in the s-wave. On the other hand, the TES in the 3; level is small, 

though its energy is close to It. Our shell model calculation reproduces this tendency. 

Thus the reduction of the RNI and its orbital-dependence well accounts for the TES of 

light sd-shell nuclei. 

Summary and future perspective 

From the recent data on proton-rich nuclei, we have clarified that the residual nuclear 

interaction has smaller matrix elen1ents as the relevant single-particle orbits distributes 

over a broader range. This effect is significant in (lS 1/ 2 )p, giving rise to large TES in the 
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Figure 5: Energy levels of 180-18Ne mirror nuclei. 

A ~ 20 region. 

In the conventional approaches to the TES, the identical configurations are assumed 

between mirror partners, and the Coulolnb effects are evaluated for the single-particle 

wave functions. On the other hand, the present picture derives charge asymmetry in the 

shell-model many-body wave functions (e.g. asymmetry in the spectroscopic amplitudes), 

in addition to the asymmetry in the single-particle wave functions. The charge asymmetry 

in the wave functions may have influence on static moments and transition properties. In 

particular, the {3-decay strengths could be a clear and sensitive probe. An anomaly has 

been reported in the Gamow-Teller decay strengths for the 200_20Mg mirror nuclei [7]. 

The RNI reduction for (IS 1/ 2 )P accounts for a significant part of the anomaly, as will be 

discussed elsewhere. 

The TES may influence the scenario of the rp-process. :For instance, 3t of 18Ne and 

It of 2°Na, both of which can be populated by the s-wave proton capture, are subject to 

large TES and come into the Gamow window. It is of interest to renew the rp-process 

simulations by including the recent progress in nuclear structure physics on the TES. 

The TES occurs via the single-particle mechanism (as in the conventional approach) [8, 
9] as well as via the many-body effects (e.g. RNI reduction). In practice the TES oc

curs for these two effects to be consistent. Although consistent treatment of the two 
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effects is difficult at the present stage, the success of the present approach encourages us 

to develop a phenomenological shell model describing the low-energy nuclear structure 

(including the TES) so precisely as desired in the astrophysics. For further confirmation 

and improvement of this approach, collaboration between experimentalists and theorists 

is essential. 
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Single particle wave functions and density distribution for 
oxygen isotopes 

R.Fujimoto, T.Otsuka, B.A.Brown, Y.Utsuno, R. Kanungo , K.Ozawa, 
and 1.Tanihata 

Abstract 

We investigate the interaction cross sections of oxygen isotopes using effective single par
ticle energies and wave functions which are obtained from Woods-Saxon potential. A drastic 
increase of the interaction cross sections in 230 and 240 has been recently observed, and this 
behavior is partially explained within the present model. 

1 Introduction 

The nuclear structure for neutron-rich nuclei have many exotic properties and have been studied 
eagerly. In light region, the experimental measurement is in process of reaching up to the neutron 
drip line. For example, the neutron separation energies (Sn) and the interaction cross sections (a/) 
for p-sd and sd shell region have been measured and compiled in Ref. [1]. In the experimental 
data, the observed (1/ for oxygen isotopes shows sudden increase at the neutron number N 15 
(i.e. 23 0). However, the neutron separation energy (Sn) of 230 is still about 3 MeV, [2] and it is 
unreasonable to consider that this drastic increase is due to a halo structure, like for example in 
11 Li, which has an extremely large radius. Therefore, it is very interesting to study the scheme of 
this large cross sections. 

N 

Figure 1: The experimental interaction cross sections [1]. The dotted line denotes a line propor
tional to A 1/ 3 , which is fitted to the data from 160 to 220. 
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2 Calculations 

2.1 effective single particle energies 

We investigate the radii of oxygen isotopes through a shell model procedure. To investigate the 
variation of shell configuration, it is useful to consider a monopole interaction. The monopole 
interaction between the orbitals i and j is defined as follows: 

H~:nT) L {akL CZJ nk nk 

k=i,j 


T 1) + b~k (Tf ~nk) } 

{A A 2 A2 } 
+aijn(nj + 2 (Ti + Tj ) - -T· 	 (1)

J ' 

aij = } (3V:} + V:~), bij V:} v:~ 
(2)I { L l(2J+l)(ijlVlij)JTv:; 	 for T 0,1.

.EJ(2J+l) 

Here, nk and Tk stand for the number and isospin operators of the designated orbit, respectively. 
We can recognize this monopole interaction as a two-body interaction where the angular depen
dence of the interaction is averaged out. Next, an effective single particle energy (s.p.e.) for the 
valence neutrons around 160 can be calculated from this monopole interaction and bare single 
particle energies. This is single particle energy by taking into account the two-body interaction 
among valence neutrons, which is defined as follows: 

• 	 For an occupied orbit, the effective s.p.e. is defined by the one-neutron separation energy 
from this orbit . 

• 	For an unoccupied state, the effective s.p.e. is given by the additional binding energy to this 
orbit. 

We calculate the effective s.p.e. of 8d-shell orbits (181/2, Od3/2, Od5/2) for oxygen isotopes. 
For matrix element of two-body interaction {i.e. (ijIVlij)JT in Eq.2), we adopt the interaction 
proposed in Ref. [3]. This interaction is based on USD [4], Kuo-Brown [5] and Millener-Kurath [6] 
interaction and is almost similar to the USD interaction in this region. 

Fig. 2 shows the effective s.p.e. of each orbits for oxygen isotopes. There are some remarkable 
points about the variation of effective s.p.e. The level of 181/2 goes up as neutrons fill Od5/2 orbit. 
This is caused by the repulsive monopole interaction between 181/2 and Od1/2. But at N = 16, 
where two neutrons occupy the 181/2 orbit, the effective s.p.e. decrease because of the pairing 
effect. On the contrary, the Od5/2 orbit does not show this behavior and it goes down as the mass 
number increases from 8 to 14. We can easily understand this is due to the pairing effect among 
nucleons in the Od5/2 state. 

As a result, the shell gap between the 081/2 and Id5/2 grows larger until the nucleon number 
N exceeds 15. 

2.2 single particle wave functions 

We determine the single particle wave functions from the effective s.p.e. obtained in the previous 
section. We set parameters of Woods-Saxon potential so that its eigen values reproduce the effective 
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Figure 2: Left: The effective s.p.e. of 8d-shell orbits. The calculation is done for oxygen isotopes 
(Z = 8). Right : The rms radii of wave functions of valence neutrons. 

s.p.e. of 181/2 and Od5/2 orbits. The parameters are R, a, Yls and Vo (EqA). Rand Yls are 
determined as 1.27Al/3 (A: mass number) and Yls -0.44Vo, respectively. The value of a 
are selected so as to give the most desirable results. In this case (a 0.75), a is somewhat big 
compared with the normal cases. The result, however, is not so sensitive to the a and this value is 
common through the calculations of oxygen isotopes. 

We solve the Schr6dinger equation and adjust its eigen value by changing Vo. The eigen 
functions of these Schr6dinger equations can be considered as the single particle wave functions of 
each valence nucleons. 

1 
(3)f(r)=I+ 

1 d 
U(r) = Vof(r) + Yls(l· S)--d f(r) (4) 

r r 

R 1.27A1
/ 

3fm, a 0.75, Yls -0.44Vo 

The the root mean square (rms) radii of these resultant wave functions are shown in Fig. 2. Note 
that the rms of 181/2 is much larger than that of Od5/2 at N 15. 

2.3 radii and cross sections 

Now we have the single particle wave functions of valence nucleons, then we can evaluate the rms 
radii and interaction cross sections for the oxygen isotopes. 

To calculate rms radii, we need the radius of 16 0 core. We adopt the radius which is obtained 
by Skyrrn-Hartree-Fock calculations, using SIll interaction. [7] Then, the rrns radii of oxygen 
isotopes are given from 16 0 core radius and radii of valence nucleons. These calculations are done 
under the normal configuration assumption. To compare with experiment data, we also evaluate 
the interaction cross sections by Glauber modeL These results are shown in Fig. 3. 

3 9 10 11 12 13 14 15 16 
N 
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Figure 3: Left: The rms radii for oxygen isotopes. The dotted line denotes 1.05A1/3 line. Right: 
The interaction cross sections. The squares and circles mean experiment and calculation, respec
tively. The triangle denotes the calculation when two neutrons are in 181/2. 

Results and Discussion 

The calculated radii and cross sections are shown in Fig. 3. We can see that the rms radii increases 
along the line proportional to A1/3 up to N = 14, that is 220, but it shows sudden increase at 
N 15. This tendency agrees with experimental data. At N = 15, neutrons start to occupy the 
181/2-orbit, and the rms radii for wave function of the 181/2 is larger than that of Od5/2. As a 
result, rms radii of the oxygen isotopes suddenly increases when the 181/2 orbit begin to be filled. 
In Fig. 3 interaction cross sections are also shown. The calculation shows similar behavior to the 
rms radii. It deviates from A2/3 line at N 15 and 16. But this deviation are not enough to 
describe the experimental data, which shows much drastic increase. 

As a result, these calculations can partially explain the behavior of radii in oxygen isotopes 
when the neutron number change from 14 to 15. To reproduce the experimental cross sections, 
the 181/2-orbit should have a much larger rms radius. Thus, it is significant to perform the more 
realistic calculations which includes the interaction between nucleons explicitly, focusing on the 
orbit 181/2. In addition, it is also possible that the sized of the 160 core changes to some extend. 

To reveal this mechanism, further investigation is required from both the theoretical and ex
perimental side. 
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Analysis of the Coulomb breakup reaction of 6He 
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Hokkaido Univ., AKitami Institute of Technology, BRIKEN 


October 30, 2000 


Most of the states of unstable nuclei are unbound resonances and continuunl states, which 
means that the studies of unstable nuclei are just related to the nuclear structure in the contin
uum energy region above the lowest threshold. 

The Coulomb breakup reaction using typical neutron-rich nuclei like 6He,1l Li and 11 Be, is one 
of the interesting phenomena to see the fundamental excitation mechanism of unstable nuclei. 
The important point in analyzing the Coulomb breakup reaction is to investigate the response 
properties of unbound states excited from the ground state having an exotic structure like a 
neu tron halo or skin. 

In seeing those responses, it is meaningful to extract the contributions from both resonances 
and continuum states in the transition strength simultaneously, which is also valuable to discuss 
the existence of a soft dipole resonance. For this 'purpose, we adopt complex scaling method 
(CSM) to express the many-body nunbound states, with extending the applicability of CSM 
to evaluate the transition strength to the resonant and continuum states, respectively [1, 2]. 
On the basis of the decomposition of unbound states, we can introduce the extended 3-body 
completeness relation (ECR)[S] in which each resonance and continuum term is expressed with 
CSM, and derive the decomposed components of the transition strength function. 

In this report, we present our recent studies about the excitation mechanism of two neutron 
halo nuclei: 6He through the 3-body breakup reaction into 4He+n+n, with extracting the electric 
transition components to the 2- and 3-body unbound states. It is interesting to examine the role 
of 3-body unbound states including resonances and possibility of sequential breakup to analyze 
the experimental cross section[3). 

Employing the 3-body model of 6He as 4He+n+n with CSM[4), we derive the contributions 
of not only the 3-body resonant states, but also those of the 2-body (5He(*)+n) or 3-body 
(4He+n+n) continuum states in the electric multipole strengths. We evaluate the each com
ponent of them and analyse which states dominates the observed characteristic behavior of the 
strength distribution. 

For El transition, our result shows that component of the sequential breakup process of 
SHe(3/2-)+n is dominant. It makes an enhancement at around 1 MeV from the 3-body thresh
old energy, which is just above the two body threshold of SHe(3/2- )+n, and its strength de
creases slowly with the excitation energy. Similar structure also appear with applying the plane 
wave approximation for remaining one valence neutron in positive parity s- or d-wave orbits. 
This indicates that the low energy enhancement is interpreted as the 2-body threshold effect of 
SHe(3/2-)+n(sl/2) in the 3-body breakup reaction. The component of SHe(3/2-)+n(ds/2,3/2) 
makes a soft peak at around 2-3 MeV which can be seen as the slow decrease in the total 
strength. 

The result of E 1 transition is closely related to the structure of the ground state of 6He in 
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which the dominant configuration is (P3/2)2 for two valence neutrons. Large transition strength 
into 5He(3/2- )+n indicates that one of the neutrons of (P3/2)2 in the ground state of 6He is 
excited to a continuum state of s- or d-wave orbit by the El transition operator. Furthermore, 
we see that the 3-body continuum states of 4He+n+n does not contribute strongly. This result is 
understood by considering that two P3/2-neutrons in the ground state of 6He, are hardly excited 
simultaneously in the breakup process. Another 2-body continuum component of 5He(I/2- )+n 
hardly contributes to the strength because the probability of (Pl/2? is very small in the initial 
ground state, nearly a few percent. Furthermore, a large resonance width of 5He( 1/2-) also 
reduces and broaden the strength, and we cannot see a distinguishable structure of the 2- body 
component of 5He(1/2-)+n in the transition strength. 

The E2 transition are also important in the low energy strength distribution of the Coulomb 
breakup reaction. The significant difference between El and E2 transitions in 6He is whether 
3-body resonances exist in the final states of 4He+n+n or not. Within our rnodel, we obtain 
two resonances of 2t2' 

For E2 transition: 2t resonance makes a resonant peak in the strength at around its resonance 
energy (0.81 MeV) due to the small decay width (0.13 MeV). On the other hand, the contribution 
from 2t (resonance energy is 2.35 MeV) is very small due to the large decay width (4.22 MeV). 
The component associated with 2-, or 3-body continuums are smaller than those of 2{. However, 
in the continuum transitions, the 2-body continuum component of 5He(3/2-)+n shows a peak 
at around 1 MeV, just above the 2-body threshold of this channel. This is interpreted as the 
threshold effect of 5He+(p-orbital continuum neutron) component. This cornponent rnainly 
contributes to make a shoulder in the total strength at around 1.5 MeV from the 4He+n+n 
threshold energy. For another 2-body continuum component of 5He(I/2- )+n, its effect is very 
small, as well as in the case of the El transition. It is found that the 3-body continuum 
component of 4He+n+n relatively give a larger contribution than the case of El transition. 
This 3-body component also contributes to make a shoulder in the total transition strength. 

It is found that the E2 transition distribution shows a distinguished resonance behavior of 
2{ state, but not of the 2t state. It may be very hard to observe experimentally the existence 
of the 2i state by using the Coulomb breakup reactions. On the other hand, the continuum 
strengths consisting of the 5He(3/2- )+n and 4He+n+n channels make a shoulder-like structure. 
Through an observation of this structure, the continuum effect can be confirmed in the strength 
of the 3-body breakup process, in addition to that of resonances. 
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• Complex Scaling Method (CSM) 

U(0) : r ---+ rf) == r · exp( iO), k ---+ ke == k · exp(-iO) 

Im(E) ~le-ol Scattering states (3-body) 
Re(E)

I 
Bound 

Ilm(E)le>ol 
Re(E)

• .-Res. 

Conti~ 
r-----------r/ 
fHe+n+nl 

o Extended com pleteness relation 


1 = nI4>B) (<f;BI + ~ I4>R)\4>R I+ gl4>c)\<f;cl 

( 5He(*)+n, 4He+n+n ) 

(this is our conjecture for the 3-body system) 

[Ref]:J. Aguilar and J. M. Combes, Commun. Math. Phys.,22,1971,269. 
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• Energy engenvalue with CSM 
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• El transition (0+-+ l-) 
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Soft dipole resonance in 6He 

S. Nakayama, Univ. of Tokushima 

25/August/DO 

Abstract 

An availability of selective probes for spin and isospin is a key to our knowledge of the 
nuclear response. The (7Li,7Be) reaction provide a new type of selective probes. Emitted 
7Be particles are in either the ground state (3/2-; BeQ) and the first excited state (1/2-; 
Bel) via an ejectile excitation. The ejectile excitation was successfully separated with the 
7Be-"Y coincidence method [1]. The 68=0 and 68=1 spectra were simultaneously deduced 
under the same kinematical condition by using BeQ and Bel cross sections. 

The soft dipole resonance (soft-DR) at excitation energies lower than the GDR or SDR 
in 6He was investigated via the 6Li(7Li,7Be) reaction at an incident energy of 65A MeV. 
The ground state of 6Li has a cluster structure, d+a, with a large spectroscopic factor of 
0.85. If the soft-DR in 6He exists, it can be excited, remaining an a-cluster as a spectator, 
by transferring a deuteron-cluster (1+) in 6Li to a 2n-cluster (singlet S-state, 0+), i.e., spin
flip transition. The soft-DR is expected to be identified by observing the spin-flip (68=1) 
isovector excitations. 

We observed 68=0 and 68=1 spectra. In the 68=0 spectrum, an analogue of the GDR 
(68=0, 6L=1) was observed around 9 MeV. Here, the GDR itself has been established by 
the 6Li("Y ,n) experiment. We found that the shape of the 68=0 spectrum agrees well with a 
spectrum obtained in the ("Y,n) reaction. This fact shows that only the GDR is dominant in 
the present 68=0 spectrum. The difference between the 68=0 and 68=1 spectra was very 
remarkable in the low excitation energy region. A new 68=1 resonance, if exists, should 
be identified by subtracting a contribution of the SDR (68=1, 6L=1) from the 68=1 
spectrum. Hoshino et al. performed a shell model calculation for dipole excitations via a 
charge exchange reaction from a 11 B target to a neutron rich nucleus 11 Be. They predicted 
that the spin-flip and spin-nonflip dipole excitations have very similar strength distributions 
each other. Actually, in the (Li,7Be) reactions on 12C, the SDR was observed in a similar 
way to the GDR regarding the excitation energy, width, and cross section. By assuming 
that the SDR is distributed with the same excitation energy and width as those of the 
GDR, the 68=1 spectrum was decomposed into two resonances. The resonant shape was 
fitted with a Lorentzian line shape. Thus a dipole excitation concentrated at low excitation 
energies (Ez =4±1 MeV and f=4±1 MeV) was observed via the 6Li(7Li,7Be) reaction at 
65A MeV. The values of the 68, 6L, Ez , and (1' presently deduced for the dipole excitation 
are consistent with those expected for the soft dipole resonance: a dipole oscillation mode 
between a core-cluster and a neutron-skin [2]. 

Reference 
[1] S. Nakayama it et al., Nucl. Instrum. & Methods A404, 34 (1998). 
[2] S. Nakayama it et aI., Phys. Rev. Lett. 85, 262 (2000). 
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Charge exchange Spin-flip &Spin-nonflip Reaction 
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Table 1: Isovector dipole resonances studied by the 6Li(7Li/Be)6He reaction at 65 AMeV. 

GDR SDR RS 


12.1±1.5 a) b) 4±1 
r (MeV) 15±3 b) 4±1 

1.4±O.2 1.7±O.3 O.9±O.2 

a) Excitation energy in 6Li. 


b) E:c and r for the SDR are assumed to be the same as those for the GDR. 


Energy-weigted sum-rule (EWSR) 

EWSR(GOR) =C NZ/A 

EWSR(soft-DR) = C (N_Z)2/A(A-4) 

where C = 9 h?e
2 

4::r 2nl 

[ Y. Alhassid et aI., Phys. Rev. Lett. 49 (1982) 1482. ] 

EWSR(GOR) NZ(A-4) - 4 
EWSR(soft-DR) (N_Z)2 

Observed cross section x Ex (mb/sr x MeV) 

a (GDR)*E" _ 1.4*12.1 = 4.7 1.5 
a (RS)*Ex 0.9*4 

Observable: i\S=1, i\L=1, Ex=4 MeV, 0= 0.9 mb/sr 

- ••~ RS is a candidate for the soft-dipole resonance. 
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Abstract 

Molecular resonances having the GHe+GHe structure, which have recently observed in 
the highly excited states of 12Be, are studied by t.he microscopic coupled-channels (CC) 
calculation based on the realistic nucleon-nucleon interaction, DDM3Y and the internal wave 
function of GHe calculated by the microscopic a+n+11 three-body model. The CC calculation 
predicts several molecular-rotational bands in the energy range of t.he observed resonances 
and the energies and the spins of the calculated resonance agree with the experimental data. 

Introduction 

A recent experiment of breakup reactions using neutron-rich 12Be beams on proton and 

12C targets suggests an existence of exotic molecular states in 12Be having GHe+GHe and 

8He+4He cluster structures [1]. The molecular states of 12Be were observed as a final state 

interaction of these breakup fragments. The spins of these molecular states have also been 

evaluated by the angular-correlation measurements of the breakup fragments and the results 

indicate that the breakup occurs primarily through the GHe+GHe molecular states in the 10 

to 25 MeV excitation energy interval, with spins in the range of 41i to 81i [1]. 
Since the two neutron binding energy of 6He is very small, it is well expected that the 

channel coupling effect of the individual GHe nuclei will plays very important roles on the 

GHe+ 6 He molecular-resonance formation. Moreover, the GHe nucleus itself is known as exotic 

nuclei with a neutron halo or skin around the 4He (a-particle) core nucleus [2] -[9]. The 

neutron halo/skin structure in these neutron-rich nuclei are often discussed in connection 

to the characteristic excitation modes, such as the so-called soft modes, associated with the 

relative motion of a core nucleus with respect to the center of mass (c.m.) of valence neutrons 

which form the neutron halo/skin [10, 11]. Therefore, it is very interesting to study the role 

of the neutron halo/skin structure and their dynamical modes in the formation of exotic 

molecular structure observed in the high-excitation energy region of the 12Be nucleus. 

In this report, we investigate the dynamical effects of the excitations of 6He on t.he 

formation of exotic molecular states with GHe+GHe structure in the highly-excited 12Be, by 

performing the coupled-channel calculation of the 6He+GHe ela.':3tic and inelastic scattering 

based on the realistic nucleon-nucleon interaction and microscopic internal wave functions of 
6He. 
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2 Framework 

The diagonal and coupling potent.ials are calculat.ed by t.he double-foldillg model with t.lw 

DDM3Y interaction [12, 13]. More explicitly, t.he coupling pot,('nt.ial between a channel (} 111 

which hvo 6He nuclei are in t.he ith and kth states, respectively, and a channel /' in ,,,,'hich 

the two nuclei are in the jth and (th st.ates is calculated with the corresponding transit.ion 

densities, Pij and PkJ'., as 

The Coulomb part of the diagonal and coupling potentials is calculated in a similar way 

to the nuclear part by the double folding of t.he nucleon-nucleon Coulomh int.eraction with 

the corresponding charge densities, although the Coulomb excitation plays little role in the 

present case. 

For the ground state and the sharp-resonance 2t state, we employed t.he t.ransition den

sities derived from the microscopic internal wave functions of 6He ca.lculated by Hiyama et 
al. [14]. Namely, the diagonal and transition density of the 6He nucleus at. a position r with 

respect to the c.m. of 6He are calculated by the following equation: 

6 

Pij(r) =< 1f;i(e) I L6(r - rk) l1f;j(e) > 
k=l 

Here, "pi(e) represents the internal wave function of 6He calculated from the orthogonality

condition-model (OCM) calculation based on the a+n+n three-cluster model [2], 

The calculated ground-state density shows a typical neutron-halo structure and its radial 

shape is quite consistent with those predicted by other theoretical models, such as the rela

tivist.ic mean-field theory [9L as well as those extracted from the experimental data through 

the Glauber-model calculations [6J-[8]. The calculated r.m.s matter radius of 6He is 2.43 
fm [2], which is comparable to the experimental value of 2,48±0.03 fm [7]. The a+n+n 

OCM calculation also well reproduce the energy position of the shaTp resonance 2t state 

(Ex =1.8 MeV). The calculated B(E2 : 0+ 2t) value is about 2.8 e2fm 4 which is compa

rable to the observed value, 3.2±0.6 e2 fm 4 , hy the Coulomb breakup reaction of 6He [15]. 

, A resonance-like structure at Ex=5.6±0.3 MeV in 6He has been reported in t.he 

6LieLi,7Be )6He reaction by J anecke et aL [16]. A candidate of spin-parity for the resonance

like state is J7r = 2+, although it is not. fully determined due to t.he overlap of different 

multipolarities [16J. However, some theoretical calculations predict. t.he existence of the 2J 
state around E x=4",5 MeV [17, 18]' which is consistent. with the experimental result, by 

Janecke et al. [16). Therefore, we take into account. the excitation to t.he 2J state of 6He in 
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t.he present. cakulaton. The transition density t.o t.his 2t around 5 MeV is calculated by the 

extcnded-coJlpd.ive model 3HSllJlling the isoscalar-quadrupole deformation of 6He [19]-[21]. 

In t.his model, t.he radial form factor for the transit.ion density is given by 

dP2n (1') Acore dp~Ol'e( r) }(SQM)(r) - 0' { + -- -=----P2 + 0+ d,' Zcore d,' 

(SQM)( ') + (SQt>.1 l( ,)
g2n 1 gc 1 

where A core , are the ma.'3S number of the a-particle core (Acore =4), the atomic number 

of the a-particle core (Zcore=2), while P2n(r) and p~ore(l') denote the halo-neutron and corc

proton components of the nucleon density of 6He, which are all given by the above-mentioned 

oeM calculation ba.'3ed on the o+n+n three-cluster model [2]. The second term, denoted 

by g~~QM)(r), corresponds to the electric-quadrupole (E2) transition density. The strength 

a is determined so that the calculated B(E2) value with the E2-transition density g~SQM)(l') 
exhausts the energy-non-weighted sum rule value of soft-quadrupole mode (SQM) [22, 23] 

from which the theoretical B(E2) value from the ground state to the 2T state, 2.8 e2fm4 , is 

subtracted. 

The monopole part of the diagonal density in the 2; states is assumed to be the same as 

that. of the ground state. For the diagonal transition for the 2; state, we further introduce 

a quadrupole component of the diagonal density and assume the same radial form as that of 

the SQM transition density defined above. Its strength is determined from the Q moment 

calculated by a.'>suming the relation between B( E2) and Q moment of the standard collective

rotation model [24]. We take the excitation energy of 2; state to 5 Me V, which was suggested 

by the experimental results by J anecke et al. [16]. 
In a recent experiment by Nakayama et aI., a dipole 1 excitation concentrated at low 

excitation energies of 6He (Ex=4±1 and r=4±1) was observed via the 6LiCLi,7Be) reac

tion at 65A MeV [25]. However, the existence of soft-dipole resonance is still unclear and 

controversial theoretically [17, 18]. Since the width of the observed resonance-like state is 

broader (r ,......" 4 MeV) than the that of the 6He+6He resonance states observed in the breakup 

experiment, of which value is less than 2 MeV [1], we do not take into account the excitation 

soft-dipole excitation in the present coupled-channel (CC) calculation. 

In the present CC calculation, we include the 0+ ®2t, 2t ® 2t ! 0+ ® 2; inelastic-channels 

in addition to the elastic one (0+ 0+). Then, we solve the CC equations numerically and 

calculate the 8-matrix elements for the individual partial waves, J =0"" 10, in the energy 

range up to E c .m . =20 MeV. No imaginary pot.ential is included in t.he calculation. 

Results 

The lowest panel of Fig. 1 shows the energy dependence of the partial-wave components of 

the total cross section divided by 7r / k 2 , (2J + 1)(2 - 23{8~()), calculated from the elastic 

component of t.he S-matrix elements for J =4 partial wave. In this figure, the energy positon 

of t.he cross section is shifted t.o high energy side by about 0.3 Me V. The channel coupling 

t.o the excited states in 6He gives rise to a number of sharp resonances in this partial wave. 
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Then, we have analyzed the channel component. of the wave function for each resonance. 

Since the resonance wave fundiol1s are the scat.t.ering-stat.e wave function, we solvp t.hc 

CC equation under t.he bound-stat.e-like boundary condition in order to understand the 

details properties of the resonance wave functions. III this approximatioll, the radial wave 

functions in the individual channels are expanded in terms of L2-integrable basis functions. 

\Ve calculated t.he probability of finding the system ill the individual channel components, 

which is represented by the squared modulus of the channel wave functions integrated over 

the whole radial range. 

In upper four panels of Fig. 1, we show the probability of finding the system in some 

important channels for J 4 partial wave obtained by the bound-statf' approximation, 

which is normalized to unity in each eigenstate. It is clearly seen that each resonance has 

a different channel structure. For example, the resonances around Eern = 2.5 MeV has 

a dominant component., the L J 4 component of the [2t 0 2th=4 mut.ual-excitation 

channel, while the broad resonance at Eern =3 MeV ha., two dominant channel components, 

the elast.ic and the L = J - 2 componentof the [0- @ 2th=2 single-excitation channel, etc, 

where I denotes the channel spin. 

2.~--------~----~L--L~~--------~ 

(x 0.7) 
2~--~--------~~~L------&--~ 

~ 
:c 
~ 1.5~--~--~----~~~L--L------~ 
e 

l=J-2a.. 

~ O.5~------~L-----~--~------------~ 
en 

Q) 
a:: 

• 

Elastic 

3 4 5 6 
Ec.m. (MeV) 

Figure!: Channel component of the wave function for each resonance in J = 4. The 

ordinate represents the probability of each channel component obtained by the bound-state 

approximation. The partial cross section for J = 4 is also shown in the lowest panel t.o 

identified the resonance posit.ions. See t.ext for details. 

\Ve have done the same kind of analysis of the resonance wave functions for other partial 

waves and classified the resonance states according to the channel structure. We found t.hat 

in each J the individual states have a channel structure similar to one of the states in J =4. 

Each group of states show a clear rotational spectrum, as shown in Fig. 2, and the resonance 

-92

http:elast.ic


5 

st.ates in each rot.at.ional band have a common channel st.ructure, namely have one or t.wo 

dominant. channel component. as seen in Fig. 1 for J =4. We have ident.ified four different. 

rot.ational bands in t.his energy region. 

In Fig. 2, t.he solid circles show the resonance positions observed ill t.he breakup reac

tion [1]. 'Ve have also plotted two other resonances observed at 14.9 MeV and 22.8 

MeV, to which no spin assignment was made in t.he experiment. [1] and, hence, plott.ed in 

parent.heses at plausible spin posit.ions. In this figure, the squares show the bands in which 

the dominant component is t.he [0+®2ih=2,L=J-2 channels, respectively, while t.he bands 

shown by the inverse triangles, circles and diamonds has the dominant. component of the 

[O+®2t]I=2,L=J-2, [2i ®2iJI=2,L=J-2 and [2i 02i]I=4,L=J-4 channels, respectively. 
It. should be not.ed that the predicted resonances belong t.o different kind of bands, whereas 

they were assigned t.o be members of a single molecular band in Ref. [1]. It should also be 

noted that. the dominant channel-component.s of the molecular bands shown in Fig. 2 are 

those of the non-elastic channels. Thus, t.he excitat.ion of the 6He nucleus plays an essential 

role in the resonance format.ion. 

25.-------------------------~~ 

(e) 
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>
Q)>

Q) 
~ >~ Q) 

>
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Q) 15 
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SHe + sH 

~~--~--~L-----~--------~-10OwO~2--~4L---~----~L-------~10--~-10 6 8 10 
6J (J+1)8 J (J +1 ) 

Figure 2: Molecular bands of the Figure 3: Molecular bands obt.ained 
6He+6He system obtained by the by t.he pot.ential scattering in the indi
coupled-channel calculat.ion. The solid vidual channels (single-channel calcula
circles represent the observed reso t.ion). See text. for details. 
nances [1]. See text for details. 

The energy locations of obt.ained molecular bands are slightly low compared with the 

resonance posit.ions observed by t.he breakup reaction. In Fig. 2, we also show the molecular 

band of [2t02th=4 mutual-excitat.ion channel with aligned L = J 4 configurat.ion, which 

is not taken into account. in the present CC calculation, by dotted-line with triangles. The 

energy location of this band well agrees with t.hat of t.he observed resonances states in the 

higher part.ial waves more than J=6. Therefore, it is well expected that the coupling t.o 

this channel will play very important roles for the 6He+6He resonance formation in such 

higher part.ial waves. The channel coupling effects are not. so weak and t.he populations of 

the dominant channel component in each molecular band is less than about 50 % for t.he 

inelastic molecular bands. We could not. dearly ident.ified the molecular bands of the elastic 
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channels in the coupled-channel solution, because t.he chalIll('I-collplillg efrect is es)wcially 

st.rong for the elastic (0+ +0+) channel, of which population ill th(> individual CC resonance 

st.ates is less than about 20 %. 
In order t.o see t.he coupling effects quant.it.atively, we calculat.e the single-channel 1'0

t.ational bands in t.he elastic and excit.ed channels, namely the sequence of the potent.ial 

resonances generated by the diagonal potential in each channel. We show the obt.ained 

single-channel rotational bands in Fig. 3. The symbols of t.he individual molecular bands 

used in Fig. 3 represent. the respective channels shown in Fig. 2. The depart.ure of t.he 

coupled-channel bands (Fig. 2) from the corresponding single-channel ones (fig. 3) will be 

a measure of the channel-coupling effect.. The coupling gives rise t.o an energy gain by less 

than 1--4 MeV, indicating an att.ract.ive nat.ure of the channel-coupling effect. The relatively 

strong coupling effect is consistent with a rather st.rong channel mixing in the individual 

resonance states generated by the coupled-channel calculations, as already discussed. 

Sunlmary and conclusion 

In summary, we have performed the coupled-channel calculation of the 6He+6 He scatter

ing at low energies by taking int.o account the excit.at.ion to the 2t and 2t states of the 

colliding 6He nuclei. The inter-nucleus interactions, both t.he diagonal and coupling ones, 

are calculated by t.he double-folding model with the use of the density-dependent M3Y N N 

interaction, DDM3Y, and 6He densities calculated from the o+n+n three-body wave func

tions. The diagonal and transit.ion densities for the ground and 2t states are calculat.ed from 

the microscopic a+n+n three body models [14]. The transition densities to the 2; excita

tions are calculated by the extended-collective model assuming the quadrupole deformation 

of 2; state of 6He [19]-[21]. The coupled-channel calculation predicts many resonance states 

in the energy range where the resonances were observed in the 12Be 6He+6 He breakup 

experiment [1] and that the energies and spins of the calculated resonances agree with the 

experimental observations. The calculated resonances are found to be the members of dif

ferent kinds of molecular rotational bands which are generated by the coupling among the 

molecular bands in the elastic and inelastic channels. Therefore, The excitations of 6He plays 

an important role in the resonance formation in the collision of the 6He+6He system. 

In conclusion, we propose the molecular resonances generated by the coupling to the 

2t and 2; states in 6He as a good candidate of the molecular-like states observed in the 

recent 12Be breakup experiment. The results of the present CC calculation also suggest 

that the coupling to the mutual-2; excitation channels will play very important roles on the 

6He+6He molecular-resonance formation. However, the spectroscopic information on the 2t 
state, such as the excitation energy and the decay width, is remained unclear experimentally. 

In addition, as we have just mentioned in the previous section, the most recent experiment. by 

Nakayama et al. strongly suggests the existence of the soft-dipole resonance states, although 

the existence of soft-dipole resonance is still unclear and controversial theoretically [17, 18]. 

Therefore, more detailed information about the nuclear structure of excited 6He itself up 

to 6 Me V, such as their spins and the strength of t.he electro-magnetic t.ransition both theo

retically and experimentally, is st.rongly desired in order t.o discuss the molecular resonance 

formations of the 6He+ 6He system. At the same t.ime, one should make a more realistic 

calculation of the 6He+ 6He collision hy taking into account. the resonance character of the 
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2t state (and soft-dipole st.ate if its exist.ence will be well est.ablished bot.h t.heoreticailly and 

experiment.ally) using more microscopic wave functions of 6He, such as those based on t.he 

o'+n+n t.hre('-body model. 
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Recently, the new excited states of the light unstable nuclei are observed 
experimentally, and varieties of structures are suggested. One of the hot 
subject is the molecule-like structure with the exotic shape in the neutron
rich nuclei. For example, the second K1r == ot band in lOBe can be described 
theoretically by the well developed clustering structure [1, 2, 3]. There are 
some experimental data which suggest the molecule-like structures in the 
excited states of 12Be and 11 Be. People are interested in whether or not the 
clustering structures may develop in other neutron-rich nuclei. 

Our aim in this paper is to study the features of the clustering structures 
in the light unstable nuclei. We adopt a theoretical approach of antisym
metrized molecular dynamics (AMD). The method of AMD has been already 
proved to be a powerful approach to describe various structures and cluster
ing features of the excited states of light unstable nuclei as well as stable 
nuclei [4, 1]. We study the structures of the excited states of Be isotopes 
and 15C, and show the possibility of the molecule-like structures based on 
the calculated results with AMD. 

In the case of 12Be, it is found that even the ground state has the de
veloped clustering structure instead of the closed neutron p-shell state. The 
main component of the ground state is the 2nw state in terms of the simple 
shell model configuration, which is the reason for the small GT strength of 
f3 decay to 12B. That is to say the neutron magic number 8 disappears in 
12Be. It is interesting that the rotational band starting from the ground state 
reaches to the J1r == 8+ state at about 20 MeV where the many excited states 
have been experimentally observed in the break up channels into 6He+6He 
and 4He+8 He [5]. Other rotational bands with the molecule-like structures 
are seen in the results. Also in the results of 11 Be, some rotational bands with 
the 2a clustering states are found. 
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In the results of 15C, we calculate the excited states near the ylast line. 
It is interesting that the linear cluster structures may appear on the ylast 
line for the negative parity when the total spin is larger than 13/2. On the 
other hands, according to AMD calculations the linear 3a structure is not 
necessarily stable in the 12C. We think that the valence neutrons in 15C play 
an important role for the stability of the linear clustering structure. 
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Superdeformation in the newly discovered superheavy elements 

Zhongzhou Ren(1,2) and Hiroshi Toki(l) 

(1) Research Center for Nuclear Physics (RCNP), Osaka University, Osaka 567-0047, Japan 

(2) Department of Physics, Nanjing University, Nanjing 210008, P. R. China 

Abstract 

The structures of newly discovered superheavy elements with the proton number Z=110

112,114,116,118 and of their a-decay chain nuclei are investigated using the self-consistent 

relativistic mean-field (RMF) theory. Extensive calculations show that the experimental data 

on the a-decay energies are well reproduced by the RMF theory. We find sometimes shape 

coexistence in superheavy nuclei and a superdeformed prolate configuration becomes the ground 

state of the new superheavy elements. The superdeformation could lead to a slightly deeper 

binding and give a longer lifetime for superheavy nuclei than expected. This may be a new 

mechanism for the appearance of the superheavy island. A systematic comparison with other 

models for the calculated binding energies and deformations is carried out, and predictions on 

the properties of unknown neighbouring superheavy nuclei are made for further comparison 

with future experiments. 

Introduction 

The nuclear synthesis of new superheavy elements in laboratory is currently a hot subject 

in nuclear physics. During the period from 1995 to 1996 Hofmann et al. [1-4] at GSI in 

Germany successfully produced the elements Z=110, Ill, and 112 successively by using low

energy heavy-ion collisions. Experimental studies on superheavy elements have received another 

major breakthrough with the most recent discoveries at Dubna and Berkley [5-7]. In January 

1999, it was reported that the new element Z=114 was produced at Dubna [5-6]. This was 

followed by the production of another isotope of the Z=114 element in April 1999 again at 

Dubna in collaboration with the physicists from Europe and Japan [5-6]. The physicists at 

Berkley successfully created other two new elements with Z=116 and 118 [7]. 
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In this paper we will calculate the properties of superheavy nuclei by the relativistic mean

field (RMF) model [8-10]. The TMA force [9] is used in our calculation and its values are listed 

in Table 1. The TMA force was proposed by Sugahara and Toki [9] and the surface effects of 

finite nuclei were included by introducing A dependent coefficients in the coupling constants. 

We apply the TMA force to the experimental data of Z=110,111,112 found at GSI. This is also 

the second test on the validity of the effective force for superheavy nuclei. 

Numerical results and discussions 

The RMF results on binding energies, deformations, and radii of Z=110-112 nuclei found at GSI 

are listed in Table 1. Because the size of a nucleus is an important quantity, we list the radii 

of nuclei although they are not directly related to alpha decay data. The merit that we list the 

results in Tables is that other groups can easily test the correctness of our result and the future 

experiments will be compared with the numerical results directly. In Table 1, B denotes the 

calculated binding energy, whereas Rp and Rn are the root-mean-square radii for the proton

and neutron-density distributions, respectively. The symbols f3n and f3p in Table 1 denote 

the quadrupole deformations, respectively of neutrons and protons. Further, the symbols Qex 

and Tex are used for the calculated alpha-decay energies and the corresponding lifetimes. The 

lifetimes are obtained following the Viola-Seaborg formula on alpha-decays [11,12] 

(1) 

where Tex is given in second and Qex in MeV, and Z is the proton number of the parent nucleus. 

This is a well-known formula and it is often used to estimate the lifetime of alpha-decays by 

the decay energies. The constants in this expression have been determined as a = 1.66175, b = 
-8.5166, c -0.20228, d = -33.9069, and h10g = 1.066 for odd-N nuclei. These values are 

obtained by fitting the experimental data of middle and heavy nuclei [11,12]. For the purpose of 

comparisons we list the experimental alpha-decay energies and lifetimes in the last two columns 

of the table. For some nuclei, there are two or three chains of alpha decays. This is why there 

are two experimental values in last two columns for some nuclei. 

We see in Table 1 that the calculated alpha decay energies agree well with the experimental 

data, especially for the elements Z=110-112 produced at GSI. We calculate the corresponding 

lifetimes of these nuclei by using the Viola-Seaborg formula. In most cases the ratio of the

oreticallifetime to experimental one is between 10-3 and 103 . Usually the ratio between the 

experimental lifetime and the theoretical one is around 104 or even larger. Therefore we can 

say that the RMF prediction on lifetime is very good. The RMF model shows that there are 
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prolate deformations in these nuclei and the quadrupole deformation parameters are around 

0.21. This agrees with other models [8]. 

When we perfom the RMF calculations of superheavy nuclei with 110 ~ Z and 170 ~ N, 

we find an unexpected phenomenon. We find that there are usually several energy minima 

for almost every superheavy nucleus with neutron number 171 ~ N. This finding suggests 

that there is shape coexistence in superheavy nuclei because the energy differences of different 

solutions are even less than 1 MeV in some cases. Three solutions play an important role for 

the ground state and they compete each other strongly. They are a moderate prolate solution, 

an oblate solution, and a superdeformed prolate solution with deformation parameter /32 2:: 0.4. 

At the beginning we thought that the superdeformed solution may be an unphysical solution. 

But finally we were convinced that it is a physical solution because it appears gradually with 

the neutron number and becomes the ground state of some superheavy nuclei. We list the 

lowest two solutions in Table 2 for new superheavy nuclei produced at Dubna. 

In the lower part of Table 2, we list the theoretical results for another experiment of Dubna. 

One sees again that there is shape coexistence in nuclei 283112 and 287114. The theoretical 

alpha decay energies agree with experimental data. The calculated lifetime is also reasonable. 

After we have compared the RMF results with the Dubna data, we compare now our results 

with Berkeley data in Table 3. We see again the shape coexistence above 285114. As for the 

alpha decay energies, our results agree with the Berkeley data except for 293118 and 289116. For 

these two nuclei we slightly underestimate the experimental decay energies. 

Conclusions 

We have investigated the structure of newly discovered superheavy nuclei at GSI, at Dubna 

and at Berkeley in terms of the RMF theory. nuclei because previous studies only include 

some of newly discovered superheavy nuclei. We have found that the RMF results are in 

good agreement with the experimental data on the alpha decay energies and the lifetimes of 

the superheavy nuclei. Some new results for the quadrupole deformation of superheavy nuclei 

have been obtained. It is found that the shape coexistence could appear for superheavy nuclei 

and it will lead to a slightly deeper binding. In some cases a superdeformation becomes the 

ground state of superheavy nuclei. It will give a longer lifetime than expected. This could be a 

new mechanism for the appearance of superheavy islands. The results of the RMF theory for 

superheavy nuclei suggest that the existence of many more superheavy nuclei having lifetime 

of the order of a second or longer like 289114 and 287114. These nuclei are expected to form the 

island of superheavy elements. 
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Table 1 The binding energies, deformations, nuclear radii, alpha-decay energies, and the 

lifetimes of superheavy nuclei. The last two columns the are experimental decay energies and 

lifetimes. The input pairing gaps: ~p = ~n 11.2 MeV/VA.. The TMA force is used. 

Nuclei B (MeV) f3n f3p Rn Rp Qa Ta Qa(exp.) Ta(exp.) 
269110 1954.39 0.22 0.23 6.26 6.11 11.56 146J.ls 11.13 ± 0.02 270+-120

1300 J.ls 
265 108 1937.65 0.24 0.25 6.24 6.08 9.92 389ms 10.57(10.52) 1.2ms 
261 106 1919.27 0.25 0.26 6.21 6.05 9.17 11.84s 9.58(9.47) 0.15s 
257104 1900.14 0.26 0.26 6.19 6.02 8.61 131.0s 8.71(8.62) 13.6s 
253102 1880.45 0.26 0.27 6.16 5.98 8.25 374.3s 8.14 (8.02) 133s 

272111 1970.09 0.21 0.21 6.28 6.12 11.57 0.301 ms 10.82 ± 0.02 1.5~~:gms 
268 109 1953.36 0.22 0.23 6.26 6.10 10.49 28.4 ms 10.10 (10.24 ) 10+1oo 

-30 ms 
264107 1935.55 0.25 0.25 6.24 6.07 9.56 2.07 s I 9.48(9.62) o44+0.6Os . -0.16 
260105 1916.81 0.26 0.27 6.21 6.04 8.93 32.1 s 9.20(9.15) 1.2s 
256 103 1897.44 0.26 0.27 6.19 6.01 8.21 1366 s 8.46 66.3s 

277112 2000.38 0.19 0.19 6.31 6.15 10.84 27.9ms 11.45(11.65) 0.24g:6~ms 
273110 1982.92 0.21 0.21 6.30 6.12 10.84 6.93ms 11.08(9.73) 0.11(170)ms 
269 108 1965.46 0.22 0.22 6.27 6.10 9.01 184s 9.17(9.23) 19. 7s(7.1s) 
265 106 1946.17 0.22 0.22 6.25 6.06 8.83 134.6s 8.77 7 .4s(24.1s) 
261 104 1926.70 0.22 0.22 6.22 6.03 8.79 34.7s 8.52 4.7s(32.78) 
257102 1907.19 0.26 0.27 6.21 6.01 7.71 3.2 x 104s 8.34 15.0s 
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Table 2 Same as table 2 but for comparison with experimental data from Dubna. We also 

list some superderformed solutions which are denoted by the symbol *. 

Nuclei B (MeV) j3n j3p Rn Rp QCi TCi QCi( exp.) TCi (exp.) 
301 120 

301120* 

2121.45 

2123.07 

-0.25 

0.54 

-0.27 

0.57 

6.54 

6.73 

6.38 

6.58 10.52 55.0 s 
297118 
297118* 

2105.02 

2105.29 

-0.23 

0.52 

-0.24 

0.54 

6.50 

6.69 

6.33 

6.53 11.08 0.44 s 
293116 
293 116* 

2088.07 

2087.45 

-0.21 

0.50 

-0.21 

0.51 

6.47 

6.64 

6.28 

6.47 

10.36 8.65 s 

289 114 
289114* 

2069.19 

2070.13 

-0.19 

0.48 

-0.19 

0.49 

6.43 

6.60 

6.24 

6.42 9.32 2.30 * 103 s 9.71 ± 0.02 30.4 s 
285 112 
285 112* 

2049.98 

2051.15 

0.14 

0.46 

0.15 

0.47 

6.39 

6.56 

6.18 

6.36 8.99 90.8 min 8.67 15.4 min 
281 110 
281 110* 

2031.78 

2031.84 

0.16 

0.42 

0.17 

0.42 

6.37 

6.51 

6.15 

6.29 9.77 4.61 s 8.83 1.6 min 
277 108 2013.31 0.18 0.19 6.35 6.13 

287114 
287114 * 

2056.04 

2056.99 

-0.18 

0.48 

-0.18 

0.49 

6.40 

6.58 

6.22 

6.40 9.63 251 s 10.29 ± 0.02 5.5 s 
283 112 
283112* 

2038.32 

2037.79 

0.16 

0.45 

0.17 

0.46 

6.38 

6.53 

6.18 

6.34 

10.61 
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Table 3 Same as table 3 but for the data from Berkeley. 


The symbols * and ** denotes different configurations in a nucleus. 


Nuclei B (MeV) f3n f3p Rn Rp Qa Ta Qa(exp.) Ta( exp.) 
293 118 
293118* 
293 118** 

2077.30 

2078.18 

2075.29 

-0.18 

0.50 

0.25 

-0.19 

0.53 

0.27 

6.43 

6.63 

6.48 

6.27 

6.48 

6.23 

11.14 

(12.23**) 

0.315 s 12.39 ± 0.04 0.236 ms 

289116 
289116* 
289 116** 

2060.68 

2061.02 

2059.26 

-0.18 

0.48 

0.26 

-0.18 

0.50 

0.27 

6.41 

6.58 

6.45 

6.24 

6.43 

6.28 

10.18 

(11.92**) 

27.6 s 11.63 1.243 ms 

285 114 
285 114 * 

2042.88 

2042.90 

0.16 

0.47 

0.17 

0.49 

6.38 

6.55 

6.20 

6.39 11.97 0.25 ms 11.35 ± 0.04 0.9 ms 
281 112 2026.57 0.17 0.18 6.36 6.17 10.81 33.2 ms 10.68 ± 0.02 l.4ms 
277110 2009.08 0.19 0.19 6.33 6.14 10.26 207. ms 10.18 ± 0.02 5.7 ms 
273108 1991.04 0.20 0.21 6.31 6.11 8.76 1.18 * 103 s 9.63 ± 0.20 1.65 s 
269 106 1971.50 0.21 0.21 6.26 6.05 7.82 4.59 * 105 s 8.74 ± 0.20 43.10 s 

-108



1 
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Abstract 

We study the property of unstable nuclei using the Jost function method (JFM). The 
JFM is a very useful method to investigate the bound, resonant, and scattering states in a 
unified approach. We show that the JFM can be applied to calculate the partial decay widths 
in coupled-channel problems, and also, to investigate the virtual states in unstable nuclei. In 
an unstable nucleus lOLi, it is suggested that the low-lying s-state or virtual state exists. We 
investigate the s-state of lOLi by using the core-n potential model which is made by taking 
into account the pairing-blocking effect to the p-wave in the core. We obtain the result that 
the s-wave cross-section is strongly enhanced near the threshold, and it corresponds to the 
observation of the energy distribution of the projectile fragmentation 

Introduction 

Study for unstable nuclei has great importance to understand the nuclear excitation and 
the structure from a new point of view [1]. It has been known that the unstable nuclei 
have some different features from stable nuclei. For example, large root-mean-squared radii 
which are understood as a "halo" structure, have been observed for neutron-rich nuclei near 
the drip-line [2, 1]. Among these nuclei, 6He and 11 Li are considered as the typical halo 
nuclei. Theoretical approaches for these nuclei have been done by using the core+n+n 
modeL Binding energies and halo structures have been studied in detail by using this modeL 
It is known well that, for 6He, the core eHe)+n+n model can successfully reproduce the 
essential nature of this halo nucleus. However, for 11 Li, to reproduce the binding energy, 
it might necessary to introduce some "special" mechanisms in the 9Li+n subsystem, e.g. 
a strong state dependence for even- and odd-parity states, since the lack of the binding 
energy is too large. Thompson and Zhukov proposed a relatively strong attraction for the 
s-wave in the 9Li-n potential, so that IOLi has an s-wave "virtual" state (3]. Using such 
potentials, they discussed that the experimental binding energy of 11 Li ("'" 0.31 Me V) is 
reproduced. Despite of the success, the mechanism of such a strong state dependence was 
not clearly explained yet. Recently, Kato, Yamada and Ikeda proposed a potential with a 
new mechanism that the s-orbit comes down to the same energy region of the p-orbits due to 
the pairing-blocking effect upon the pairing correlation of p-orbital neutrons in the core [4]. 
Using such a state dependent potential, we showed that the s-wave virtual state is obtained 
in the 9Li+n system (the scattering length: ao == -9.97fm) and the position of the pole is 
k == -iO.077fm- 1 (Ev == -0.135MeV) in our calculation (5]. 
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In this report, we firstly explain Jost function method, which we apply to calculate 
S-matrices, in Sec. 2. In Sec. 3, we discuss how to obtain the partial decay widths in 
coupled-channel systems, and show the actual calculations for 9Li+n system, the s-wave 
virtual pole and the total cross-section, in each subsection. In Sec. 4, we summarize this 
report and give a discussion. 

Jost Function Method 

In this subsection we briefly review the Jost function method (JFM) in coupled-channel 
systems. For details, see Refs. [6, 7J and our papers, Refs. [8, 5J. 

We consider an N coupled-channel Schrodinger equation for radial parts, 

tP k2 _ 2'Tln kn _ [n(ln + 1)] () _2J.Ln ~ TT ( )
-2 + n 2 Un r - 2 L- Y nn' Un' r . (1)[ dr r r n, n'=l 

Here, for channel n, kn is a momentum measured form the threshold energy En, and 'Tln is a 
Coulomb factor. We define a matrix 4>nm to describe the regular solutions 'Pn for Un as 

N 

'Pn = 2: cm4>nm , (2) 
m=l 

where the Cm are coefficients for a linear combination of their regular bases. To solve 
Eq. (1), we express the matrix element 4>nm in the following form using unknown functions 
:Fi;J (kn, r): 

(3) 

Here, the Hi±)(knr) are homogeneous solutions of Eq. (1) corresponding to incoming (-) 
and outgoing (+) waves and are given by Coulomb wave functions for 1]n =f:. 0 and Ricatti
Hankel functions for 'Tln = O. As is standard in the variable-constant method for solving an 
inhomogeneous second-order differential equation, we introduce the additional constraint 

H(+) [a F,(+)] + H(-) [a '1:""(-)] = 0n r nm n rJnm . (4) 

Using Eqs. (3) and (4), we obtain a first-order differential equation for :Fi;J(kn,r) from 
Eq. (1), 

(±) N 
a:Fnm = ±~H(=F) ~ V; , {H(+) :F(+) + H(-) '1:""(-)} (5)ar ik n,2 n L- nn n' n'm n' In'm . 

n n'=l 

The boundary condition at the origin is taken from the definition that the wave function is 
regular at the origin: 

(6) 

In the asymptotic region, the potential will vanish and the unknown functions become con
stants 

lim F,(±)(k r) = F,(±)(k ) 
r-too nm n, nm n (7) 

which are equivalent to the "Jost functions" of Eq. (1). 
By using the Jost functions :Fi;J (kn), the S-matrix at the complex momenta k is given 

as 
(8) 
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Therefore, the condition for the bound and resonant states, where only out-going waves 
survive in the asymptotic region, is equal to the condition for poles of the S-matrix: 

(9) 

In JFM, we use the complex rotation as r -+ rei () , and the angle B is taken so as to 
cancel the imaginary part of the complex momentum, which makes divergence of resonant 
wave functions. For calculations of "virtual" states, we can take the rotation angle as B = 0 
(this is the same case of bound states), if the right-hand side of Eq. (5) converges into zero 
at r -+ 00. Therefore, in principle, this method has no difficulty in the calculation even for 
"virtual" states. 

3 	 Results 

Unstable nuclei such as lOLi has a different feature of other stable nuclei. To study such 
the system, we use JFM which is very useful and powerful tool to investigate the resonance 
state as well as bound and scattering state. First, we discuss how to obtain the partial decay 
widths in coupled-channel systems. Next, we study IOLi which is the subsystem of a typical 
halo nucleus 11 Li in core+n model by using the pairing-blocking effect potential. We show 
the s-wave virtual state exists and it is reasonable with comparing to an energy distribution 
of .9Li+n in the projectile fragmentation 11 Li+C-+9Li+n+X [9]. 

3.1 Partial decay widths in S-matrix scheme 

For a well-isolated resonant state, an S-matrix Snn' (E) is expressed in the Breit-Wigner 
form with a resonance energy En a total width f, and partial decay widths to channels n 
and n' (fnand f n', respectively) as 

- Sbg (E) ~ . J f n . f n'S 	 (E) (10)nn' = n Unn' - 7, E _ Er + if/2 ' 

where s~g is a direct scattering and a background term. 
From Eq. (10), the partial decay width f n is obtained as a residue of the S-matrix: 

f n 	 = IRes (Snn(Eres)) I 
= I lim (E - Eres) . Snn(E) I . (11)

E----tEres 

Here Eres is the complex resonance energy Er - if/2 (corresponding complex momenta are 
kres ). However, a direct numerical method for the calculation of Eq. {l1)may cause a large 
numerical error. Since, as E -+ E res , the difference (E - Eres) becomes a very small value, 
while the S-matrix has a singularity at E res . To avoid the singularity of the S-matrix at the 
resonance energy Eres, we use the ratio of the S-matrices with the assumption that the sum 
of the partial decay width is the total width, 

(12) 
n 

Once the total width f is known, we can obtain the partial decay widths from the ratios 
f n/fn'. From Eq. (10), since the direct scattering term s~g can be neglected as E -+ E res , 
the ratio of partial decay widths becomes the ratio of the S-matrices. 

By using the Jost functions, the S-matrix can be represented as Eq. (8), and we have the 
definition of the inverse matrix of IIF(-)(k)11, 

(13) 
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where 119(k)1I is an adjoint matrix of IIF(-)(k)ll. The origin of the pole in the S-matrix 
comes from the root of detIlF(-) (kres ) II = O. However, this singularity can be avoided. Since 
detIlF(-)(k)11 is independent of the channel, it can be dropped, and we obtain the ratio of 
the partial decay widths as 

fn = I Snn(Eres) 1=1 LmF<:~(kres,oo). 9mn(kres ) I· (14) 
f n' Sn'n' (Eres) Lm F<;;;~ (kres , (0) . 9mn' (kres ) 

This expression does not include any explicit singularities in either the denominator or the 
numerator. Therefore, the numerical errors from the singularities are avoided and the calcu
lation of the ratio has good accuracy. This is the present S-matrix scheme, and we calculate 
partial decay widths according to Eq. (14). 

method f1 (a.u.) f2 (a.u.) 
Eq. (14) (Present: S-matrix) 5.1116 x 10 5 1.369076 x 10 3 

Noro-Taylor [10) (Original: T -matrix) 
Eq. (12) in Ref. [11] (T-matrix) 
Eq. (24) in Ref. [11] (Current density) 

5.9 x10 5 

5.1 x 10-5 

5 x10-5 

1.361 x 10 3 

1.368 X 10-3 

1.45 x10-3 

Table 1: Comparison of results for the calculation with various methods. 

3.2 Virtual states in lOLi 

Next, we proceed to study the unstable nuclei using JFM. We study the Is-state in the 9Li+n 
system (10Li). In a theoretical approach, the Is-state in 9Li+n is discussed as a "virtual" 
state by Thompson and Zhukov [3J. Also, recently, an s-wave 9Li-n folding potential based 
on a nucleon-nucleon interaction and the wave function of 9Li with the pairing correlation is 
given by our group [4J (hereafter, we call our 9Li-n folding potential as FPl). However, the 
explicit position of the virtual pole is not shown in both cases, Ref. [3J. and Refs. [4, 12J. 
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Figure 1: Poles of 9Li-n potential 

Therefore, we investigate the behavior of the Is-state pole in the 9Li+n system with 
changing the potential strength of FPl. Similarly to the case of the 4He+n system, we use 
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a parameter (1 + 0) for the attractive part of the 9Li-n central potentiaL The trajectories of 
the pole of the Is-state are shown in Fig. 3 ((a) the momentum-plane and (b) the energy
plane). We vary the potential strength 0 from -0.5 to 0.5. For <5 = 0, where we expected the 
Is-state to be a virtual state, the pole of the state is on the negative-imaginary axis in the 
complex momentum-plane, as shown in Fig. 3(a). Hence, it is clearly shown that the Is-state 
of the 9Li+n system is a virtual state using our potential, FPl. For FP1, the virtual state is 
realized in the range of the strength <5 as -0.26 < <5 < 0.07. In order to have a non-zero real 
part of the momentum, 0 should be taken as less than -0.26. Even if we use such the weak 
attractive potential, however, as shown in Fig. 3(b), the pole is still in the third-quadrant of 
the complex energy-plane. This means that an experimental observation of the Is-state as 
a physical "resonant" state would be impossible. 

PI -11 -0.11 -0.071i 
P2 -18 -0.051 -0.047i 
P3 -27 -0.025 -0.033i 
P4 -44 -0.010 -0.02li 

Table 2: Poles of S-matrices and scattering lengths in the 9Li-n system 

We calculate the scattering length of the 9Li+n system using FPl, and the position of the 
Is-pole using the potential of Thompson and Zhukov. The results are shown in Table 2. The 
calculated results of FP1, the energy E = -0.135l\1eV and the scattering length ao -9.97 
fm, are very close to E = -0.11 MeV and ao = -11 fm, obtained with PI, Also, the 
experimental result obtained by Shimoura et ai. [13] shows that the scattering length is 
determined as ao = -16-:~ fm using the R-matrix analysis. Hence, our result is comparable 
to another theoretical calculation and is consistent with the experiment. 

3.3 Effect to the cross-section 

For the 9Li+n scattering, we use FPl, applied in the virtual state calculation. To see 
the contribution of each partial wave clearly, we perform a single-channel calculation using 
a parameterization of Ref.[4] for p-waves, and investigate the difference by changing the 
parameter for s- and d-waves. 

30 

25 

Ii) 

~ 20 

e 
t> 15 

10 

Strong ------. 

Normal -

Weak ••.••.•.••••. 

o~----~----~----~----~----~--~ 
o 0.5 1.5 2 2.5 3 

Ec.m. (MeV) 

Figure 2: Total cross-section of 9Li-n elastic scattering by varying the potential strength. 
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The potential is made by taking into account the dynamics of a pairing-blocking effect of 
p-wave neutrons for the core nucleus and a pairing correlation mechanism, then the potential 
depth for p-waves is pushed up and the attraction of the s- and the d-wave (even-parity states) 
potential becomes relatively stronger than the p-wave. In this model, the strength for the s
and d-waves still has some freedom to fix parameters. Hence, we slightly vary the strength for 
the even-parity state and investigate the relation between the position of the s-wave poles 
and the total cross-sections. In our previous calculation, which is one of the candidates, 
the s-wave pole is at k = -iO.077 fm- l on the complex momentum plane (virtual state). 
Then, we have done the calculation with two different strengths, one is more attractive, 
which is determined so as to have the pole at almost origin; virtual state at k = -iO.023 
fm- 1 (E = -0.012 MeV) and another one is less attractive, which is the same order of the 
strength for the p-wave interaction; virtual state at k = -iO.36 fm- 1 (E = -2.89 MeV). 

(a) 
Projectile Resonance Final particles 

IISequential Decay processll 

.----------------
Total cross-section (b) 

: 0)eNon resonance ................................. . 

I : : 
I 9U i i 

&1: ~ i ®! 
GrOUndst~ML· ~:r6L··0..=...aL./ i 
~ ~I~ I ~~ Groundstate l 

I : :. . 
I : Resonance ~ ,...................... --_ ... ""_ ................... --_ ................................. _............... _................
L _______________ _ 

Figure 3: PF-TCS 

Each calculated total cross-section shows a different behavior at the threshold energy, 
(see Fig. 2). For the weak strength, there is no enhancement, since the s-wave pole is very 
far from the threshold energy, E = -2.89MeV (k = -iO.36 fm- 1 ). Hence, the contribution 
of the s-waves to the total cross-section using this strength becomes very small. Also, for the 
normal case, the enhancement is not so large, due to the small contribution of the s-waves 
cross-sections as shown in Fig. 2. On the other hand, for the strong case, the enhancement 
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becomes very large, since the position of the s-wave pole is in close proximity to the threshold 
energy, E = -0.012 MeV (k -iO.023 fm- 1 ), and the contribution to the total cross-section 
also becomes large at the threshold. We compare this result with the energy distribution of 
the projectile fragmentation obtained in Ref.[9]. 

When the sequential decay picture is the dominant process in the reaction, we can consider 
that an energy distribution gives information of the intermediate resonant nucleus (5He or 
IOLi). Here, we consider the IOLi case, see Fig. 3. In the projectile fragmentation, the 
intermediate "resonant" nucleus lOLi, decays apart into a neutron and a core nucleus 9Li 
[9]. Then, at the resonant energy, the energy distribution of the projectile fragments has a 
resonant peak due to the contribution of the intermediate resonant particle IOLi. Also, it is 
enhanced at the threshold energy when the "virtual" state exist in the intermediate state. 
On the other hand, it is well known that the elastic cross-section has a peak at the resonant 
energy, and is enhanced at the threshold energy when a virtual state exists. Therefore, the 
energy distribution of the fragmentation for the low-energy is considered to be similar to ones 
of the elastic scattering, since the elastic cross-section also has the peak for the resonant state 
and the enhancement for the virtual state. 

In the upper part of Figs. 4(a) and 4(b), we show our calculated results for the total 
cross-sections. To compare the calculated total cross-sections with the energy distribution 
of the experiment [9], we smear the cross-sections using the resolution of the detector, r. 
And in the lower part, we show energy distributions of 4He+n (5He) and 9Li+n (9Li) in the 
experiment of projectile fragments obtained in Ref. [9]. ,

Resonance : P 3124 <:J Enhancement (b) 10Li 
4(i) 

c: 
(i) (a) 5 He (ij
c: A peak form the resonances of p-waves 3 8.(ij 3 
8. t:> 
t:> corresponding 2 (r= O.4SjE MeV)2 

600 

500 
"c;rresrding2000 •• '.• • 

~ 1500 • e. 
~ • 
"0 +;' -, 11 
"'ij) .;" Li + C ___9 Li + n + X>= 1000 ••• ; ,+.,••• 200 


500 
 ••• •••••• 100 
If"'.. .

• • 
o 0.5 1.0 1.5 2.0 2.5o 2 3 4 5 6 7 

Ec.m. (MeV)
Ec.m. (MeV) 

Figure 4: Poles of KKNN potential 

In the 5 He case, the correspondence between the calculated total cross-section and the 
energy distribution is good by taking into the resolution of the detector as r 2.2../E MeV 
[9], (see Fig. 4(a)). Based on the good correspondence with the 5He case, we investigate 
the lOLi case as shown in Fig. 4(b). Our calculation of the total cross-section shows that 
the enhancement at the threshold energy comes from the s-wave virtual state. We obtain a 
good correspondence by using r 0.45../E Me V [9]. Therefore, we can make sure that the 
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enhancement at the threshold energy comes from the effect of the s-wave virtual state. The 
closer the position of the pole comes to the threshold energy, the higher the enhancement 
goes. Suppose that the loLi has no sharp s-wave resonance at low energy « 1 MeV), such as 
our case, the enhancement only comes from the s-wave virtual state. Our potential model, 
which is made by microscopically with taking into account a pairing-blocking mechanism, 
has no sharp s-wave resonance at low energy « 1 MeV) with varying the strength of the 
attraction as shown in the previous subsection. Hence, at this stage, the enhancement of 
the energy distribution at the threshold energy can be considered as an effect of the s-wave 
virtual state. 

Summary and Discussion 

In this report, we show a brief explanation for the Jost function method (JF~1). As indicated 
by the results of actual calculations, this method is very useful to study the unstable nuclei. 
Using JFM, the partial decay widths are easily obtained with high accuracy. 

We study the positions of s-poles of the S-matrix in the lOLi system using JFM. Our aim 
is to obtain the information of the 9Li-n interaction for the s-wave neutron, which is consid
ered to play an important role in the formation of the halo structure in 11 Li, in comparison 
with the 4He-n interaction, which is known well with less-ambiguity both in theoretical and 
experimental studies. In loLi, we obtained the virtual state solution using the FP1 poten
tial. The results are comparable to those obtained by using potential PI of Thompson and 
Zhukov [3]. Our results for the scattering length is also reasonable in comparison with the 
experimental one obtained by Shimoura et al.[13]. These results indicate that the validity 
of the microscopically constructed 9Li-n potential (FP1) is strongly supported by the phe
nomenological potential (PI) and the experimental evidence (of the scattering length). We 
also investigated the s-pole behavior of the 9Li-n potentials by varying the strength of the 
potential. In the 9Li+n system, the virtual s-state appears over a wide range of the 9Li-n 
potentials, including PO-P4 of Thompson and Zhukov and our FP1 with -0.26 < fJ < 0.07. 

Next, we calculate the total cross-sections of the 9Li+n elastic scattering using FPl. The 
effect of the s-wave virtual pole appears as the enhancement at the threshold energy. we 
obtained a good correspondence between the calculated total cross-section and the observed 
energy distribution [9]. From the comparison of the process of them, we can consider that 
these two quantities are related to each other. Hence, the character of the resonance peak 
and the enhancement at the threshold energy corresponds between the cross-section and 
the energy distribution. Therefore, we can conclude, at this stage, that using our potential 
model, there is no low-lying s-wave resonant state but is a "virtual" state, and then the 
enhancement of the energy distribution shows the existence of the s-wave virtual state with 
large possibility. 

In the future work, we should perform coupled-channel calculations of the cross-sections 
to investigate the property of 9Li-n reaction precisely, and must proceed to study the reaction 
mechanism of 11 Li+C-t9Li+n+X process. 
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We have studied electric dipole (E1) strength distribution in neutron and proton drip line nuclei 
1~Be8, 14BelO and I~05 by large scale shell model calculations with the effect of loosely-bound 
single particle wave functions. Large E1 strength are found in the low excitation energy region 
below Ex =3MeV in both 1~Be8 and 1~05, while strong El strength are found only in high 
excitation energy region above Ex =7MeV in 14BelO. The decoupling effect of extended wave 
functions and the coherence in the transition amplitudes enhance significantly the E1 strength 
in the low energy region. A manifestation of melting of the shell magicity at N =8 and Z =8 
is pointed out in the systematics of E1 transitions in Be- and O-isotopes[1] in comparison with 
recent experimental data. 

N jZ dependence of core polarization charges for electric quadrupole transitions are studied 
in C-isotopes by using a microscopic particle-vibration model in which Hartree-Fock and ran
dom phase approximations are used to calculate the single-particle wave functions and giant 
quadrupole resonances. A large quenching of the polarization charges are found in large N jZ 
nuclei because of the decoupling effect of the extended single particle wave functions. Recent 
experinlental data of quadrupole mOlnents of 15B and 17B are reproduced well by using the 
calculated polarization charges for shell model wave functions[2]. 
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STRUCTURE OF 11 Be: MAGNETIC MOMENT AND COULOMB 

DISPLACEMENT ENERGY 


Toshio Suzuki 

Department of Physics, College of Humanities and Sciences, lVihon Universi(,v, 

Sakurajosui 3-25-40: Setagaya-ku, Tokyo 156-8550, Japan 


Email: suzuki@chs.nihon-u.ac.jp 


lvlagnetic moment of 11Be is analyzed[l] and compared with a recent experiment[2]. 
Probability of the 10 Be(O+) x 181/2) con1ponent in the wave function of 11Be is found to1 

be Q2 :=:::; 60±5%, when a value of g;ff is taken to be 0.851".10.95 gtree for normal orbits and 
1.0 gtree for the halo orbit. 

Coulomb displacement energy of the isobaric analog state (lAS) of 11 Be is investigated 
based on the method as used in the analysis of the lAS of 11 Li[3]. The effects of the halo 
and the configuration of the halo wave function are studied including the contributions 
from charge-symmetry breaking and charge-independence breaking interactions. A value 
of Q2 :=:::; 0.6 for the probability consistent with the analysis of the magnetic moment is 
obtained. 
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Mirror Nuclear Moments in the Light Mass Region 

1\;1. Fukuda and K. IVlatsuta, Osaka University 

23/Aug/OO 

Abstract 

n 23. 27S'}Magnetic moments of gc, 130, and electric quadrupole moments of . 0, Mg, 1 lave 
been newly measured with the ,6-NMR and ,6-NQR techniques. The magnetic moment of 
9C shows an anomaly that haven't been seen in the region nearer to the stability line. The 
quadrupole moments of 13 0 and 27Si are not able to be explained by simple models, ,:vhich 
implies an excentricity in the effective charges or some other effects for these nuclei. 

Ivlagnetic moments (11,) of gc, 130 have been measured with the ,6-Nl\lR technique at RIKEN 

Ring Cyclotron using the RIPS. The details of the experiments are given in Ref. [1-3]. The 

result for ]30 magnetic moment is well accounted for by the shell model calculation, and is 

consistent with the systematics of mirror magnetic moments. On the other hand, for gc, the 

spin expectation value deduced from the mirror magnetic moments f1(9C)-f1(9Li) indicates 

an anomalously large value of a 1.44 (a = S / 2). This anomalous value can not be 

understood by any configuration mixings among the p shell. The result suggests possiblp 

irregular values of nucleon g-factors, some irregular breaking of pairing, or larger breaking 

of mirror symmetry, in the nuclei. This problem, therefore, is still open to ehallpnging 

theoretical works. At the same time, further systematic, elaborate, experimental studies are 

encouraged. 

Electric quadrupole moments (Q) of 130, 23Mg, and 27Si have been also measured with 

,6-NQR technique at RIKEN and HIl'vlAC [4-5]. The result for 23Mg is in good agreement 

with shell model calculations. For 13 0, the shell model calculation that takes into account an 

effect of the loosely bound protons can not reproduce the experimental value. This implies 

a need for higher excitation components in the calculation. The result for 27Si can not also 

be reproduced by the shell model calculation (OXBASH) with the standard effective charges 

for a proton and a neutron in the sd shell. For the mirror Q moments Qe7Si)-Qe7AI), the 

quadrupole moment of odd-nucleon group (Qo) and that of even-nucleon group (Q,J can 

be deduced with the standard effective charges. In eases of loosely bound systems, such 

formulation can not be justified because the quadrupole moment depends strongly on the 

binding energy of loosely bound nucleons. However, The deduced Qo is in good agreement 

with the OXBASH calculation, but the Qe is '" 0 against the calculation. The different 
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deformations of the core between odd- and even-nucleon groups can be one of the possible' 

explanation of this disagreement. This may come from the fact that the deformation changes 

largely from prolate to oblate in this mass region. 
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Electromagnetic moments of neutron-rich nuclei 

H. Ogawa (Tokyo Institute of Technology) 

13/Aug/OO 

Nuclear moments of neutron-rich nuclei have been measured using RIPS at RIKEN by 
Ineans of spin-polarized beams from the fragmentation reaction [1,2] combined with the p-NMR 
method. Some intriguing findings in light mass neutron-rich nuclei have been elnerged from the 
nuclear moment measurements. 

For the magnetic moments J.-l of 17Bg.s. and 17Ng.s. [3], the differences between experimental 
and theoretical values are accounted for by assuming that the paring energy for the sd neutrons 
to form J1r = 0+ is considerably reduced. The phenOlnenon of the reduction in the sd-neutron 
paring energy Inay be considered as manifestation of the weakening of the coupling between 
excess neutrons and a core, in nuclei far from stability. 

The experimental electric quadrupole moment Q for 15Bg.s . [4] was found very close to that 
for 13B which is the neutron shell closed nucleus. On the other hand, Q mOlnents for 15B of shell 
model calculations with neutron effective charge en ~ 0.5 [5], which is commonly employed values 
in sd shell, are much larger than the experimental Q. The theoretical Q could be accommodated 
to the observation by taking en :::; 0.1. This suggested that the neutron effective charge en Inay 
become diminished in the region of neutron-rich nuclei. Therefore it would be interesting to 
clarify how the Q moment behaves when the neutron number further increases from 15B to 17B. 
For this purpose, recently the Q moment of 17B was measured. The observed Q moment for 17B 
is also close to that for the neutron shell-closed isotope 13B. The smaller experimental Qe7B) 
suggests that the E2 polarization effect is hindered in this nucleus and reveals a tendency that 
the effective charge for neutrons becomes more and more quenched as the degree of neutron 
excess develops. 

The I1r 1/2+ ground state of 15C in a shell model is to a large extent described by the 
14C(0+) ® V(2S 1/ 2 ) configuration, and its Inagnetic moment may provide a good information of 
the neutron 98 factor appropriate in a neutron-rich nucleus. The 98 value which is derived from 
the presently obtained magnetic moment for 15C is in good agreement with effective 98 values 
normally used in shell model calculations in the region of stability. 

Nuclear moment measurements have been perfonned in such a way, while we are attempting 
to develop atomic beam method which is applied to producing spin-polarized RI bealn in order 
to overcome some intrinsic difficulties in the p-NMR experiInent. Our simulation shows that 
highly polarized RI beam can be obtained by this systeln, enabling to extend the moment 
measurelnents of nuclei far from stability. 
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Y. Ohshiroa , S. Shimouraa , K. Uea , S. Watanabea , N. Yamazakia , 

S. Katob , Y. Mizoi, M. Kase and S. Kubonoa 

The Institute of Physical and Chernical Research (RIKEN) 

aCenter for Nuclear Study, Graduate School of Science, Unil)ersity of Tokyo 


bDepartment of Physics, Yamagata University 


The radioactive isotope (RI) beams at. around 10 
MeVjnucleon established methods of nuclear spec
troscopy, such as particle transfer reactions, can be 
applied t.o deduce spect.roscopic information. Nu
clear structure studies wit.h in-beam gamma ray spec
troscopy in the present energy region are also useful, 
because nuclear fusion reactions have large cross sec
tions. We have installed a low-energy RI beam sepa
rator, called CRIB, which is an in-flight separator, at 
the RIKEN Accelerator Research Facilit.y (RARF) [IJ. 
This separator is installed as a part of the CNS-RII\.EN 
collaboration. The in-flight method was not considered 
so seriously before because the effective target thick
ness usable for RI beam production is too thin. How
ever, recent development of ion source technology for 
heavy ions enables one to produce RI beams of reason
ably high intensity. 

The AVF cyclotron (I\. = 70) at t.he RARF provides 
a variety of heavy-ion beams with energies up to about 
10 MeVjnucleon and with int.ensit.ies as high as 100 
pnA. Figure 1 shows schemat.ic layout of the RARF. 
The CRIB is located E7 room. CRIB consists of the 
magnetic spect.rometer DUMAS [2J and a velocity fil
ter (\Vien filter). The facility enables one t.o obt.ain RI 
beam of energies below 10 MeVjnucleon. 

The DUMAS was designed t.o be a doubly achro
mat.ic spectromet.er with an intermediate dispersive fo
cus between the two dipoles. The basic specifications 
of this magnetic system of t.ht' DUMAS part are listed 
in Table 1. Figure 2 shows a schematic view of the 
CRIB. Particles produced by nuclear reactions at tIlt' 

production target, for example, (p,n) and (3He.n) rt'
actions, are collected and separatt'd through t.he spec
trometer, and focused dowllst.ream where a st'condary 
targt't is placed for a HI beam experimellt. The pro
duction targt't. is opt.ionally llst'd to the windowless gas 
t.arget syst.em [:3,4J. The principle of isotope s('para
tioll is bast'd 011 the maglH'tic rigidity allalysis and the 
energy Joss of partides. [5,G] 

The spect.rometer consist.s of tell main magnets (Ql
DI-Q2-D2-Q3-Q4-Q5-E l-QG-Q7) and two small cor
rect.ion magnets (Ml and M2), as showl1 in Fig. 2. The 
syst.t'l1l can bt' divided illto t.lirc(' indt'IWlldpnt. St,ct.iolls. 

Particks produced at, t.lw targd. are allalyzed tlw 
magnetic rigidit.y with resp('ct. t.o t.heir 11l01W'1lt.a ill 

on 

9.....___10,-,m__.....J;O m 

Figurt' 1: Layout of the HlI\'EN Acc('leratoJ' Research 
Facilit.y. The CfU B is installed til!' E7 1'00111 
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Maximum energy 
Orbit radius 
Spectrum range 

Maximum solid angle 

Deflection angle 
Length of central orbit 

Emax = 110 Z2I A MeV 
p 84 98 cm 
± 7.7% in momentum 

15% in energy) 
Llnmax 5.6 msr 
(75 mr (H) x 75 mr (V)) 
185 deg 
L 7.80 m (p=90cm) 

1st focal plane 
Size 40 cm (H) x 8 cm (V) 
Energy dispersion Ll x . E/LlE 

= 700 mm (p 98 cm) 
1015 mm (p 84 cm) 

Tilted angle o deg 
Energy resolution LlE/E = 11350 
2nd focal plane 
Energy dispersion o 

0.2 

Table 1: Specifications of CRIB 

M 1 ~ / FO(production target) 

/:/ .. JI..I 

I 0.D.'. 'i1(,9... . ~amC.UD11 if-· ;: . _____ 
~/01 	 . 

02 

F1 
F2 

E1 

.! UO 

03 	 aUi 

0405 0607 
F3 

0 	 5m 

Figurf' 2: Schemat.ic vie\\<' of CRIB 

the first section with the configuration of Q-M-D-Q 
and are focused dispersively on the first focal plane 
Fl. The primary beam will be stopped on the wall of 
a water-cooled aluminum faraday cup inside the first 
dipole magnet. The second section with a configura
tion of D-M-Q compensates the dispersion of the first. 
section and gives a doubly achromatic focus at F2. A 
degrader with a flat. shape can be mounted on a holder 
at Fl. The focus position at F2 is can be adjusted 
about 1m depending on requirements of experiments. 
These magnets are mounted on a platform which can 
rotate from -5 deg. to 60 deg. around the center of 
the FO scattering chamber. Purpose of third section to 
include velocity filter is to increase purity of RI beam, 
especially proton-rich nuclei. The velocity filter is de
scribed in ref. [7] 

The low-energy RI beam separator CRIB has been 
developed since end of 2000. Recently, first RI 
beam at CRIB, lOC with 10 kcps, was measured by 
p(1°B, lOC)n reaction at F2. In the near future, vari
ous RI beams were produced by using CRIB at around 
10 MeVInucleon. 
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Abstract 

This paper discusses the technique of radio-isotope (RI) beam separation used for the 
low-energy RI beam separator CRIB, which is now under const.ruction at Center for Nuclear 
Study (CNS), Cniversity of Tokyo. An experimental project of elastk resonance scattering 
by using CRIB is also briefly described. 

1 RI Bealll Separation by CRIB 

The in-flight RI beam separator CRIB uses low-energy primary beams of < "'"' 10 MeV /nudeon 
from an AVF cyclotron (K = 70) at RIKE}\' Accelerator Research Facility. High intensity 
primary beams of nearly 1 ppA for ions of A < - 20 are available at the production target 
position. In terms of product.ion yield, such a high intensity can overcome the limit.ation 
in target thickness for the low-energy in-flight method, For example, a secondary beam of 
107 aps can be achieved by using a I-pI'A primary beam and a l-mg/cm2 target when the 
production cross section is 10 mb. Production reactions to be used are mainly two-body 
reactions like (p,ll) reactions in inverse kinematics, which produce forward focused RI beams 
with relatively small energy spread. Such secondary part.icles can be effectively collected by 
CRIB which has a large solid angle (about 5.G msr) and momentum acceptance (about 15 
%). 

The separator consists of two dipole magnets (Dl and D2) and four quadrupole magnets 
(Ql, Q2, M3 and Q3) in a sequence of FO-QI-DI-Q2-FI-D2-'\I3-Q3-F2, where FO, F 1 and F2 
represent the target point, the first and second focal planes, respectively (see Fig. 1). Figure 2 
shows a result of first-order optics calculation for CRIB by using the code TRANSPORT [1]. 
The envelopes in horizontal (x) and vertical (y) directions are shown in the figure for the 
initial secondary-beam emittance of ~x = ~y ±1.5 111m, AOx = AOy = ±30 mrad and 
~p/p =O. Only the horizontal focusing is achieved at Fl, while F2 is doubly focussed. The 
magnification from FO to F 1 is 0.3 for x and those from FO to F2 are 1.2 for x and 0.5 for 
y. At F2, the beam spot size can be in the order of 1 cm diamet.er which is small enough to 
perform experiments. The momentum dispersion in the horizontal direction is also shown 
by a dashed line and the dispersion at F 1 is 1.G m. 
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Fig. 2: Result of TRA.r\SPORT calculation for CRIB. Solid lines are envelopes in x 
and y. Dashed line indicates the horizontal momentum dispersion. 

-161 



2 

As described below, CRIB has three types of particle-separation power (# 1-3). The first 
half of CRIB FO-QI-DI-Q2-Fl generates the momentum dispersion. A horizontal slit at, Fl 
is used to select a region of magnetic rigidity for secondary particles of interest (#1 particle 
separation by Bp). The momentum resolving power at Fl is about 800. The primary beam 
is usually stopped at a beam stopper (Faraday cup) inside the Dl magnet. 

Only wit.h the particle separation by magnetic rigidity (Fl slit), t.here can be many 
background nuclides which have the same magnetic rigidity as the secondary beam. Light. 
particles like p, d, 0' and so on are often produced by nuclear reactions and usually have large 
momentum distributions. Therefore, these light particles pass through t.he F 1 slit and reach 
to F2. Scat,tering of the primary beam at the wall of beam pipe, the edge of t.arget holder 
and the inner walls of Dl magnet also produces background particles of the same nuclide as 
the primary beam. 

To reduce background particles which pass through the F 1 slit, one can install an energy 
degrader at the F 1 plane, as often used for fragment separators [2, 3]. The magnetic rigidity 
before the F 1 degrader (Bpd is constant. and defined by the F 1 slit., while the magnetic 
rigidity after the degrader (Bp2) depends on Z and velocity (thus A) because of energy los8. 
Thus, the second half of CRIB FI-D2-M3-Q3-F2 with a horizontal slit at F2 serves as the 
second particle analyzer by BP2' Among the group of nuclides which have the same BPI, 
only nuclides with A2 5/Z15 '"'" const. can go through the F2 slit (#2 particle separation by 
energy-loss method). 

'Vithout the degrader, the second half of CRIB compensates the moment.um dispersion at 
F 1 (Dl) and makes the F2 focal plane achromatic. The relation of dispersion compensation 
can be expressed as DI + DdAfx2 = 0, where D2 and Afx2 are the dispersion and horizontal 
magnification, respectively, from F 1 to F2. Inserting a flat plate degrader at F 1 breaks 
the achromaticity from FO to F2 because the energy dependence of energy loss changes the 
dispersion at Fl. The dispersion at F 1 with the flat degrader D~ can be approximated by 
Di "-' (1 - d/R)D1 , where d is the degrader thickness and R is the range of particle in the 
degrader material. A degrader of wedge shape [2] may be used to keep the dispersion constant 
before and after the degrader (Di = Dt). Thickness of degrader is typically d < 0.3R. For 
low energy RI beams at E / A < 1 0 MeV, the degrader thickness is small (order of several 
mg/cm2). It may be difficult to fabricate such a thin wedge degrader. Instead, one may use 
a curved-film degrader which has the same position dependence of effective thickness as the 
wedge shape. 

It is also possible that one uses a simple flat degrader and modifies the dispersion at F 1 
instead, to keep the achromaticity at F2 [4]. For CRIB, we can adjust the dispersion before 
the F 1 degrader by changing the strength of Q2 magnet. In this case, the dispersion should 
be set to Dl = - D2/Alx2/ (1 - d/R), so that the dispersion after t.he degrader becomes 
Dl = - D2 / JyJx2 and satisfies with the dispersion compensation relation. 

\Ve are now developing an Wien filter as an additional section of CRIB. (#3 particle
separation by velocity). The "lien filter system will be installed at downstream side of F2 
and consist of quadrupole magnets and a velocity separator section of E x jj type. This 
separation method may be useful when the energy-degrader method is not. effective ~nough, 
for example, in separating a proton-rich nuclide from the neighboring isotones. 

Study of Elastic Resonance Scattering 

One of applications of the low-energy RI beams to nuclear physics is the study of resonant 
states in unstable nuclei, which are of interest with respect to exotic nuclear structure or 
nuclear astrophysics. The first experiment to be done at CruB will be a search for resonant 
states in unstable nuclei via elastic scattering. Cross section of resonance elastic scattering 
near the threshold is very large if the partial widt.h for the elastic channel is much larger 
than those of other reaction channels. Therefore, the experiment can be performed easily 
with low-intensity RI beams. We are planning to measure lOC+p (11 N), 12.:\'+p eSO) and 
some other RI+p resonances in proton-rich nuclei. Data of those resonances is important to 
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Fig. 3: Schematic view of experimental setup for elastic resonance scattering lOC+p. 

understand the proton-induced nuclear-reaction processes in stars. Resonant states bevond 
the proton-drip line (unbound nuclei) are interesting in conjunction '''''ith their mirror n~clei 
near the neutron-drip line. 

An elastic scattering experiment can be performed in inverse kinematics with an RI 
beam and a proton target. In this situation, the center-of-mass energy and angle can be 
determined by measuring energy and angle of recoil proton in better resolution than by 
measuring those of the heavy ejectile. It is useful to apply the thick-target method [5] \ where 
the target thickness is chosen to be larger than the range of incident beam so that the beam 
is completely stopped in the target. The recoil proton goes out from the target with very 
small energy-loss in the target and gives information on scattering energy and angles. The 
proton is detected at forward angles in the laboratory frame. At a fixed angle, the proton 
energy spectrum has roughly the same shape as the excitat,ion function dujdO(E) of elastic 
scattering. In the excitation function, a resonance can be identified as an interference pattern 
of potential scattering and resonance scattering. The center-of-mass scattering angle for the 
forward-emitted recoil proton is nearly 1800 

, where the scattering amplitude for the Coulomb 
potential goes to minimum and the effect of resonance amplitude becomes more prominent. 

Figure 3 shows a schematic view of the experimental setup, which will be built at CRIB 
F2. The RI beam is tagged by two PPACs and stopped in a thick CH2 target. The recoil 
proton comes out from the target and is detected by several sets of silicon detectors. Each set 
of silicon detectors is capable of measuring t:..E-E\ timing and position in order to identify 
proton and to determine its energy and scattering angle. 

Table 1 shows an estimate of production parameters for the lOC beam, which will be 
used for the elastic scattering experiment. The production reaction is lOB(p,n) lOC in inverse 
kinematics. The intensity of primary beam is expected to be 200 pl1A at the energy of 6.3 
MeVjnucl~on. A hydrogen gas cell with thin window foils can be used as a production target.. 
The secondary beam lOC has an energy of 5.1 ~feV jnudeol1 and its intensity is estimated 
to be about 105 aps by taking into account the production yield and acceptance of CRIB. 
Using the 105-aps beam, enough number of elastic sca.ttering events can be accumulated in 
a day. 
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Table 1: Beam production parameters for we 

Production reaction 

Production t.arget 
CRIB accept.ance 
Degrader at. F 1 
Secondary beam 

E = G.3 MeV/nudeoll 
Intensity of 200 pnA 
lOB(p,n)lOe in inverse kinematics (Q =-4.4 'leV) 
Cross section of "" 2 mb 
H2 130 JI.g/cm'2 
"" 50% for produced 10C 

Al foil of 2 mg/em'2 
lOe 
E = 5.1 MeV /nudeon 
ap/p= 5% 

of 105 

SUlllluary 

The technique of low-energy RI beam production and separation by CRIB has been discussed 
in terms of production yield and t.ransport optics. The RI beams produced by CRIB can 
be easily applied to the experiments of elastic resonance scattering. Calculat.ion of realistic 
beam-production parameters and the design of experimental setup are now in progress. The 
first experiment will be performed in the year 2001. 
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Abstract 

The new beam line, CRIB, is appropriate as a secondary beam line by using fusion
evaporation reactions and inverse kinematics. One of the advantages to use fusion evapora
tion reactions is that it can produce proton-rich nuclei far from the stability line. On the 
other hand, a demerit is that it is difficult to purify the secondary beam. Such characteristics 
are illustrated in this article. 

1 Introduction 

The appropriate methods for the production of secondary beams are dependent on the ener
gies of the primary beams. In the case of the secondary beam line, CRIB, the energy of the 
primary beam is less than 15 MeV/u, fusion-evaporation reactions can, therefore, be used for 
the production of RI beams based on inverse kinematics. The reaction products emitted in 
forward directions are transported and selected with the CRIB. The selected RI beams are 
used for secondary reactions, because they have enough energies. When we assume that the 
intensity of the primary beam is 1 pp,A, the thickness of the production target is 1 mg/cm2 , 

and the transport efficiency is 10 %, then the intensity of the secondary beam becomes more 
than 106 pps for the reaction product with the production cross section of 100 mb. 

One of the advantages to use fusion evaporation reactions for the production of RI beams 
is that it can produce proton-rich nuclei far from the stability line, while (p,n) reactions can 
only produce proton-rich nuclei next to stable isotopes. Another advantage is that fusion 
reactions can easily produce excited states, in particular, high spin states. If we can efficiently 
produce excited states whose half lives are larger than 100 ns, the CRIB can be used as an 
isomeric beam line. 

On the other hand, a demerit to use fusion evaporation reactions is that it is difficult to 
control the secondary beam energies. This is because the fusion cross sections are strongly 
dependent on the energy of reactions. Therefore, if we select a reaction mode and a compound 
nucleus, the energies of the primary and secondary beam are necessarily fixed. Another 
demerit is that it is difficult to purify the secondary beam. In general, there are lots of 
the final states of fusion reactions, and many of the reaction products have similar masses, 
atomic numbers and production cross sections. Thus, it becomes difficult to select one final 
state from this mixture. 

2 Requirements for secondary beam line 

The requirements for a secondary beam line to transport fusion products are listed below. 
For high transmission efficiency, large geometrical and momentum acceptances are necessary. 
The beam line must be able to transport ions which have the magnetic rigidity of 0.5 
1.3 Tm. The intermediate dispersive focus is necessary in order to separate the reaction 
products from the primary beam, and the double stage spectrometer system with the two 
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dipoles is necessary in order to reduce serious background due to the primary beam scattered 
by the beam pipe. The doubly achromatic optics is also essential for the secondary beam 
line to produce a small beam spot at the experimental focal point. The distance between 
the production target and the secondary target should be as short as possible in order to 
transport metastable excited states which have short half-lives. 

OHP 1 shows the characteristics of three beam lines used at RIKEN: RIPS, E1C and 
CRIB. The E1C is unsuitable as a secondary beam line compared with the other two, because 
its geometrical and momentum acceptances are small, the dispersion at the first focal plane 
is not large, and it has only single spectrometer magnet. The RIPS was designed as a 
secondary beam line which transported radioactive isotopes produced with the projectile 
fragmentation method. Therefore, it satisfies the requirements for a secondary beam line. 
Its only shortcoming is that the distance between the production and secondary targets is 
large. The CRIB is the most suitable as a secondary beam line to transport fusion products as 
shown in OHP 1. On the other hand, it is unsuitable as a beam line to transport neutron-rich 
nuclei with high energies, because the maximum magnetic rigidity of the CRIB is small. 

3 Production cross sections by fusion reactions 

The energy range of ions accelerated by the AVF Cyclotron is determined by the dynamic 
range of RF frequency and the maximum magnetic rigidity of the AVF Cyclotron. By the 
dynamic range of RF frequency, the range of the beam energy from the AVF Cyclotron is 
determined as 3.8 14.5 MeV lu. But the upper limit of beam energy is almost always 
determined by the maximum magnetic rigidity of the AVF Cyclotron. OHP 2 shows this 
situation. Therefore, it can be concluded that the ion source ability to produce high charge 
state efficiently determined the range of beam energy and the mass range of ions to be 
accelerated. OHP 2 indicates that we can utilize heavy ions up to Kr as primary beams from 
the AVF Cyclotron. 

Then the production cross sections of fusion products can be calculated by using the 
CASCADE code with the determined mass and energy regions of the primary beams from 
the AVF Cyclotron. As previously discussed, the upper limit of the mass region for the 
primary beam is assumed to be Kr-region. In order to use intense primary beam, a gas 
target will be used for the production target. We can, thus, assume that the possible gas 
materials are H, He, C, N, 0, F, Ne and Ar. 

Because it is impossible- to describe here the whole results of the calculations, very rough 
description of tendencies of them is made below. When the energy of the primary beam is 
relatively low, the number of evaporation nucleons from the compound nucleus is relatively 
small, and only a few number of the final states are obtained. It means that the purity 
of the secondary beam becomes relatively high in this case. On the other hand, lots of 
the final states are obtained when the energy of the primary beam is high. Even when 
stable nuclei of the neutron-rich end are used for the primary beams, the obtained secondary 
beams are proton-rich unstable ones, because the compound nuclei emit many evaporation 
neutrons. When stable nuclei of the proton-rich end are used for the primary beam, the 
compound nuclei emit a few protons and alpha's as well as neutrons, and the Z IN-ratios of 
the obtained secondary beams are almost the same as that of the compound nuclei. Finally, 
the production cross sections of about 100 mb are obtained for fusion products which are 
one-neutron deficient from the stability line in the mass region up to Ti, 3 4 neutrons 
deficient from V to Kr, and 4 - 7 neutrons deficient from Rb to Xe. 

4 Transport and purification 

The produced proton-rich beams are transported and selected with the CRIB. For an exam
ple, we will discuss about the production of 67Ge by using 2°Ne (54 Fe, a:2pn) 67Ge reaction. 
The energy of the primary beam, 54Fe, is 5 MeV lu. The CRIB can transport 90 % of the 

-166



produced 67Ge, in spite that the angular distribution of the reaction product has a large 
width due to the relatively small energy of the primary beam. But it is difficult to purify the 
secondary beam. OIIP 3 shows the table of cross sections of the final states. The production 
cross sections of 66,67Ga are almost the same as that of 67Ge. OIIP 4 shows the magnetic 
rigidity distributions of these products and the primary beam. The figure indicates that the 
primary beam will be easily removed at the dispersive focal plane, but, on the other hand, 
66,67Ga cannot be separated from 67Ge by means of magnetic apparatus. In the present, we 
do not have an appropriate method for the purification of the secondary beams. It might be 
better to find good experiments with the secondary beam whose purity is not very good. 
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In-beam gamma-ray spectroscopy at CRIB 
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Abstract 
The in-beam 'Y-ray spectroscopy made by using unstable nuclear beams is 

expected to give us a chance to see new phenomena in nuclei so far not 

accessed by stable nuclear beams. Some examples of such reactions induced 

by unstable nuclear beams which may be effective for such a purpose are 

discussed. 

Recent nuclear structure studies performed on N=Z nuclei revealed new 
features such as a possible pn-pairing effect [1]. The low spin collective states 
of N=Z nuclei were reported up to a nucleus N=Z=42, 84Mo [2]. Those were 

studied using 2n emission channels which has a very small cross section, 
0.007(3) mb in case to produce 84Mo by a reaction 58Ni + 28 Si. In this example 

the other reaction channels to emit pn and 2p have significantly larger cross 
sections, 1.3(3) mb for pn channel and 35(3) mb for 2p channel. Since a 30S 

beam is expected to be produced by a reaction pelp, 30S)2n at CRIB with a 

fairly large cross section, a larger cross section to produce 84Mo by using a 
58NieoS, 2p2n)84Mo reaction can be expected. This will give us a chance to see 

higher spin states in these nuclei which are expected to show new 
phenomena such as pn-pairing as discussed in ref.[ll. 

A neutron rich beam such as l6C and 180 will also give unique chances to 

study high spin states of nuclei at a neutron rich side. A beam of 16C can be 
produced by a 2p stripping reaction of a beam of 180. This beam can be used 
to study high spin states in 222Ra, whose 1- excited state is the lowest in an 
excitation energy among all the known isotopes, using a reaction 208Pbe6C, 
2n)222Ra. This gives us a chance to study high spin states of the most 

collective nucleus in an octupole mode. An 180 beam may be produced in the 
same way as that of l6C from a 22Ne beam. This beam can be used to study an 
168Er nucleus using a reaction 150NdeoO, 4n)168Er. Low spin states of 168Er 

have been well studied and many collective bands are known. However the 

-172



high spin states of these bands in this nucleus could not be studied by stable 

nuclear beams. Therefore it may be interesting to see the behavior of these 

bands at high spin.. 
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Reaction and Cross Section for Production of N=Z Nuclei 

Isotope 

64Ge 

68Se 

72Kr 

76S r 

80Z r 

84Mo 

Reaction 

12C (54Fe, 2n) 64Ge 

13 0 ( 54 P e , 2pn) 64 Ge 

12 C ( S8N i, 2 n) 68S e 

13 0 ( 58 N i , 2pn ) 68 Se 

160 ( S8N i, 2 n) 72Kr 
17 P ( 58Ni , p2n) 72Kr 

24 Mg ( 5 4F e, 2 n) 7 6S r 

26 Si ( 54Pe , 2p2n) 76 Sr 

24Mg ( 5 8N i, 2 n) 8 Oz r 

26 Si (54Pe , 2p2n) 80Zr 

2 8S i (5 8N i, 2 n) 84M 0 

30 S ( 54Pe, 2p2n) 84 Mo 

E a 
(MeV) (~b) 

165 500±300 

[ p ( 14 N, 130 ) 2n ] 

175 38 ± 16 

170 60±25 
[ p ( 18 0, I1Jp) 2n ] 

175 lO±5 
[ p ( 27 AI, a'st) 2n ] 

190 10±5 

195 7 ± 3 

[ P ( 31 P, 'Os ) 20 ] 

Ge - Zr : C. 1. Lister et aI., Phys. Rev. C42(1990)Rl191 
Mo: W. Gelletly et aI., Phys. Lett. B253(1991)287 

Larger Cross Section with Unstable Nuclear Beam 

72K r + 2n 0.06 mb (0. 272 

/' 

28 fib (127) 

72se +.1..E 220 mb (1000) 

B. J. Varley et aI., Phys. Lett. B 194(1987)463 
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Coulomb excitation experiments with 
low-energy unstable nuclear beams at CRIB 

T. 1\1or ikawa, Kyushu Uuiv. 

23/Aug/2000 

Abstract 

We plan the Coulomb excitation experiments at CRIB for t.he study of collective nature of 
unstable nuclei. Use of the secondary isomeric beams is of our particular intert'St for the study 
of collective states built on the sizably deformed high-spin isomer. For the particle-, coincidence 
measurement, a new charged particle detector system is being developed. 

Use of unstable nuclear beams provides us the opportunity for the Rtudy of exotic nuclear states 
which cannot be reached by ordinary stable beams. By using low-en~rgy secondary beams. a 
traditional Coulomb excitation technique can be applied for the study unstable nuclei. The 
advantage of this technique is that one can determine, in a model independent way, not only 
the collectivity of the nuclear states but the diagonal E2 matrix elements (Q-Illoments) by 
measuring the reorientation effect. Thus, one expects the possibility to study in detail the 
collective nature of nuclear states over quite a huge region of unstable nuclei. 

At the CRIB facility, secondary beams are produced with high intensity primary beam from 
the RIKEN AVF cyclotron. The unstable nuclei are produced in the inverse kinematics, i.e. the 
combination of a heavy projectile and a light target. By using a primary beam of A 40 rv 50. 
one can produce a low energy secondary beam up to A rv 60. Thus a number of unstable nuclei 
may be available. We are planning traditional Coulomb excitation experiments at the CRIB for 
the study of nuclear collective nature. 

High-spin isomers are known in the N Z nuclei in the 17/2 shell. They are formed by Rj 

three or four stretch-coupled nucleons. Since these high-spin isomers are, or expected to be, 
sizably quadrupole deformed, one can expect a collective rotation built on the isomer. If such a 
collective state exists, it may be populated through the Coulomb excitatioIl. It is thus interesting 
to do the Coulomb excitation experiments by using the secondary beams of a) J7r = 12 + isomer 
in 52Fe and b) J7r = 19/2- isomers in 43Sc, 43Ti, 53Fe and 53CO. Since the latter four nuclei 
are each other in the relation of mirror pairs and conjugate pairs. the Coulomb excitation with 
these isomeric beams may provide an unique testing ground on such a nuclear symmetry. 

In the Coulomb excitation experiment of projectile excitation, the deexciting ,-rays are 
emitted from the projectile moving at a velocity of j3 rv 0.1. Therefore, OIle needs the Doppler 
correction of the ,-ray energy by precisely detecting the scattering direction of the projectile. 
For this purpose, we are now developing a new charged particle detector system, which consists 
of parallel plates of thin plastic scintillator coupled to position sensitive photomultiplier tubes. 
The solid angle covered by this detector is about 70 % of 41T. The position resolution of rv 1 
mm was achieved in the test experiment. 

This project is supported in part by a Grant-in-Aid for Scientific Research from the Japan 
Ministry of Education (Grant-in-Aid No. 12640282), and The Kurata Research Grant from The 
Kurata Foundation. 
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Cluster Transfer Reactions for Neutron-Rich Nuclei 

S. Shimoll.ra 

eNS, Univt 1'sity of Tokyo 


Abstract 
Possibility of 6He transfer reactions to populate neutron-rich duster 
states is discussed. A rough plan of experiments using CRIB is also 
presented. 

It has been established that nlany states in light 4N nuclei (8Ue, 12C~ 160, 
20l\e etc.) have Q cluster structures. It is interested how the cluster structures 
change when adding neutrons to such nuclei. There are several theoretical 
investigations in this point of view[l, 2, :3]. Experimentally, Ineasurenlents 
of inelastic 1O.12Ue excitations following to decay cha,nneis with 6Ile suggest.s 
possibile cluster structures in the 12Ue nucleus[4, ,5]. 

1propose here othor approaches to such cluster states by using exotic clus
ter transfer reactions. It is well kno\vn that states having o-cluster structures 
are populated selectively by Q transfer reactions around 10 A lVleV region 
such as (6Li,d), (7Li,t), e2 C,8Ue), etc, projectiles of which has well-developed 
o-cluster structure. \Vhen we extend this idea to non-alpha duster transfer 
reactions, it is noticed that the 7Li nucleus has a large spectroscopic factor for 
the 6Ileg.s .+p configuration[6]. This enables us to study 6Ile transfer through 
the (7Li,p) reaction ..Moreover, inverse kinematics by using unstable nuclear 
beams, such as 6Ile, on the 7Li may excite cluster structures consisting 
of unstable nuclei, such as 611e+6He (F'ig. 1). 

6He 

• 
7Li 6He 

Figure 1: Schematic view of the 7Li(611e ,t211e*)11l reaction followed by the 
611e+ 6Ile decay. 

The excitation energies are by llleasuring at least two of the 
recoil proton and the decaying particles. Particle-particle correlation lnea
surements enables us to determine the angular momenta of the excited states 
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as wf'll as the excitation energies (Fig. 2). As shown in the figure, the or
bital angular 1110mentum of 4 Inay be determined by the angular correlation 
patterns w hic h has 4 l11axirna (111inin1a). 

50000 

6He (7Li ,p) 12 Be .. [4 + ](6He )6He 

40 

\ 
50 

E/A 9 MeV 

100 150 

8 6He [deg] 

Figure 2: Calculated angular correlation function for the 
611e(7 Li,p)12 Ue*[4+] (6Ile )611e reaction. All the angles are measured in 
thf' total center-of-mass system. 

A rough calculation predicts that the cross sections for the 4+ and 0+ 
states at an incident energy of 9 A lVleV are about 1 mb/sr and 10 Itb/sr, 
respectively (Fig. 3). For the formal' case, an yield of more than 100 
events/hour is expected when we use 106 -pps secondary 6Ile beam and 7 

2 -L'mg / cm ( 1 ta.rget. 
As a position sensitive detector system with large solid angle, detector 

telescopes consisting of Si strip detectors and Cs1('1'1) scintillators are now 
developing to gain efficiency and resolution of the excitation energies. C0111

bination with position sensitive PPAC's is also under consideration. 
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Systernatic rneasuren1ent of deep inrlastic scatterings involved by 

unstable nuclei 

Y. lVIizoi, eNS University of Tokyo 

31/0ct/OO 

Considering what kind of reaction involved by the low-energy unstable-nuclear beanls which 
will be produc~d by CRIB is attractive, a deep inelastic scattering is one of very interesting 
candidates. Since early tinles when the study of heavy-ion nuclear reactions started with the 
innovation of heavy-ion acceleration techniques, deep inelastic scatterings involved by 
nuclear bealns are being hardly studied, and enornlOUS beneficial and instructive infornlations 
concerning the heavy-ion reaction nlechanislns and nuclear structures are being obtained by the 
results of theln. In these days, the low-energy unstable-nuclear beams which will have efficiently 
high intensities and moderate energies about ten ~ileV /nucleon will be produced by CRIB and 
the study of deep inelastic scattering will be able to perfornled by using thenl. 

Here, we describe phenOlnenological predictions which will be observed by the nleaSUr€lnent 
of deep inelastic scattering involved by unstable nuclei. 

• 	 In case of reactions involved by halo nuclei, if the halo nucleon plays as glue, a so-called 
negative angle scattering nlay be conlparing to a reaction involved by 
nuclei. In order to observe this, the ejectile energies and angles should be nleasured and 
2-dinlensional histogram of thenl which was proposed by Wilczynski, should be plotted, 
and then we may see Fig. 1. 

• 	 Excess neutrons or protons may be transfered to a target, or break up, or pick 
up nucleon fronl a target nuclei, in order to balance the ratio of proton and neutron of 
the colliding system, phenOlnena of charge equilibrium or isospin neutralization nlay 
observed. 

• 	 In addition if the halo neutron breaks up during reaction interacting between a projectile 
and a target, the ejectile neutron nlay have the infornlation concerning the tinle rtn..~r.'Y\rt'.n1-' 

of reaction developnlent, because the ejectile-neutron energy and Inomentunl lnay depend 
on the breakup point. Figure 2 shows the schematic spectrulll of neutron energy. 

Figure 3 shows the schematic view of the experimental setup for the measurenlent of deep 
inelastic scatterings. Unstable-nuclear beanls produced by CRIB will be irradiated to a 
Around the target a detector set which will be consisted of an ion chmnber which will work as 
both a dE counter and a 3-dimensional tracking counter, and Si detectors which will work 
counters. A species of ejectile will be identified by dE - E particle-identification method. The 
ejectile energy will be determined by Si detectors and the ejectile angle will be deternlined by 
the ion chamber. 

By measuring these phenomena, we will obtain the information concerning the reaction nlech
anisnlS involved by unstable nuclei and structures of unstable nuclei. 
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A Trial to Measure 12C + 4He~160 Reaction Rate of 

Astrophysical Interest in Kyushu University 

S. Morinobu, K. Sagara, N. Ikeda, Y Miwa and K. Tsuruta 
Department of Physics, Faculty of Sciences, Kyushu Univel'sity, 

812-8581 Fukuoka, Japan 

241Augustl2000 

Abstract 

A trial to measure the 12C + 4He~160 reaction rate at low energies down to Ec.m 
= 700 keY has been initiated at the Kyushu University Tandem Accelerator 

Laboratory. A brief description is given of the project with some emphasis placed on 

the present status of the measurement with a new recoil separator constructed as a 

main device to detect 160 ions. 

1. 12C(a., r) 160 reaction 

The 3 a ~12C and 12C(a., y) 160 reactions are the main processes in the He

burning stage of a massive star. The reaction rates of these two processes determine 

the 12C/160 abundance ratio in the star: which has a critical importance in the 

subsequent stellar evolution as well as in the synthesis of heavier elements therein. 

Since the "triple- a" reaction rate has been estimated to the accuracy of ±15 %, 

experimental determination of the 12C(a., y) 160 reaction rate with comparable 

accuracy is of great importance. 

For the typical He-burning temperature of "'-' 2 x108 K, Gamow peak locates 

at about Ec.m. = 300 keY. At this low energy, the cross section of the 12C(a., y) 160 

reaction is greatly reduced by the presence of Coulomb barrier to less than 10- 5 pb 

and the contributions of the subthreshold states at -45 ke V (1-) and -245 ke V (2+) in 
160 play important roles. At higher energies around 1 MeV on the other hanct the 

cross section is dominated by the E 1 radiative capture to the broad 1 state at 2.42 

Me V and by direct E2 radiative capture. As a result, the extrapolation of the 

experimental data down to 300 keY has been quite uncertain. Recently the E1 

contribution of the subthreshold state have been estimated from the beta-delayed a. 

spectrum of 16N to the accuracy of ±26 % [L2]. The total reaction rate, however, is 

still uncertain by a factor of 3 [3]. From this reason: the systematic direct 

measurement of the cross section with good accuracy is highly desired at energies as 

low as possible. 
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2. Kyushu plan of measurement 

Most of the previous measurements on 12C(a, y) 160 have been based on the 

detection of the gamma rays from the reaction. Rather poor efficiency of the gamma 

ray detector, however, has been a limiting factor in extending the measurement to low 

energy. In order to overcome the difficulty, our new trial at the Kyushu University 

Tandem Accelerator Facility aims at direct detection of 160, making use of the 

advantage of inverse kinematics. 

When a 12C beam is used to bombard a He target, product 160 ions are emitted in 

a forward cone of a half angle of, for example, 10 at Ec.m =1 Me V. The rather small 

angular spread could be covered by an acceptance angle of a properly designed recoil 

separator, which can also serves to separate the 160 ions from the high flux of the 

incident 1
2

C particles. The energy of 160 is modulated by the recoil of the gamma ray 

emission in flight and hence the energy spectrum becomes a reflection of gamma ray 

angular distribution. This would allow the determination of relative yields of the E 1 

and E2 radiative capture processes. 

The most important here is to efficiently separate 160 ions from the incident 12C 

beam. Our present goal is placed on measuring the reaction rate at energies down to 

Ec.m = 0.7 MeV where the expected cross section is about 1 pb. 

3. Instrumental developments 

To make the above measurement of very small yield feasible, a 1
2C beam of good 

emittance is desired at an intensity of up to 10 p~A on target. The He gas target 

with a thickness of about 20 ~g/cm2 should be of windowless type for not deteriorating 

the reaction information carried by the 160 ions. The solid angle of the recoil 

separator is desired to be around 10 msr and a high beam rejection capability is 

required. To meet these requirements, instrumental developments were carried out 

both at accelerator and at measuring instruments. 

(i) New acceleration mode 

The Kyushu University tandem accelerator is optimized for operation with 

terminal voltages of as high as 10 MV. For a low voltage operation around 1 MV. the 

beam acceptance of the accelerator is about 10 times reduced, due to the ion optical 

mismatch between the injection beam line and the acceleration tube. The problem 

was solved by introducing a new acceleration method [4], in which the beam 

undergoes repetition of acceleration and deceleration forces. The method proved to 

be quite effective and the acceptance was found to be 13 times increased at low 

acceleration voltages of around 1 Mv. 

(ii) Gas charge stripper 

For obtaining a high current beam of good emittance, the use of conventional C

foil charge stripper is not adequate, since the beam energy dissipation easily destroys 

the foil and since multiple scattering in the foil causes poor emittance and large 
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energy spread in the beam. A gas stripper with a large beam aperture and high gas 

confinement capability was specially developed [5]. With this charge stripper, the 

C1 
+ yield in 1 MV operation was 4 times increased and the beam emittance 2-5 times 

reduced relative to the case with a C-foil stripper. The reduced emittance was found 

to increase the transmission efficiency of the beam line by a factor of around 4. 

(iii) Beam buncher 

A TOF method is effective to reduce the back ground in the practical 

measurement and the beam pulsing technique is of considerable importance for this 

purpose. A two-stage beam bunching system (pre-buncher) was developed and 

installed in the injection beam line, to yield beam pulse width of 6 ns with a bunching 

efficiency of 60 % [6]. The beam chopper together with the post-buncher is currently 

being developed. 

(iv) Overall gain in beam intensity 

With these developments, the overall improvement factor for the beam intensity 

on target has reached 103 and the beam current of 10 p)..lA is now considered feasible 

within the coverage of conventional operation of the ion source. 

(v) He gas target 

A gas target of high gas confinement capability was developed, based on a 

similar concept to that of the above mentioned gas charge stripper [7]. The new gas 

target is 40 mm in total length and the beam aperture is 5 mm in diameter. With 

this compact configuration, the He thickness of 40 Torr cm or 10 )..lg/cm2 was achieved 

for a gas consumption rate as low as a few l/hr. To further increase the target 

thicknesR a trial to cool the He gas to liquid N2 temperature is in progress. 

(vi) Recoil separator 

To efficiently separate 160 ions from overwhelming flux of 12C beam particles. a 

new recoil separator was constructed. The separator covers the whole solid angle of 
160 emission and the beam separation capability is now being investigated 

experimentally. Some details of the separator is given in the following section. 

together with the examples of the test measurements. 

4. Test measurement with recoil separator 

(i) Recoil separator 

The recoil separator consists of an electrostatic deflector ED, two dipole 

magnets (D 1, D2) and some magnetic quadrupo]es and m ultip]oes. The conceptual 

layout without auxiliary magnetic lenses is depicted in Fig. I. The separator has two 

focus points; velocity dispersive and mass non-dispersive first focus point Fl and 

velocity non-dispersive and mass dispersive second focus point F2. As seen in the 

figure, the 12C beam is separated at Fl, making use of the velocity difference of 12C 

projectiles from the 160 products. The 160 ions are focused achromatical1y at F2 and 

other back ground particles passing Fl are deflected out by the dipole magnet D2. 
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recoil mass separator 
l&i~5*1l~J(fi7tfJT~1 
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magnetic 
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12C (3+.4+,5+,6+) 

IE/ql Ip/ql 
Ip/ql 

Fig.1 Conceptual layout of the recoil separator constructed for the measurement of 

12C(a, y) 160 reaction. The quadru.pole and multipole lenses have been omitted. 

The most important for the separator is to achieve a high beam rejection 

capability at the final focus point F2. Since the incident 12C beam splits into several 

widely separated beams of different charges after passing through the electrostatic 

deflector ED, it is of especial importance to prevent beam scatterings on the vacuum 

walls from causing background at F2. For this reason, several baffles are placed on 

the vacuum walls with careful consideration on their locations and sizes, especially at 

the part between ED and Dl. 

(ii) Back ground measurement 

Test measurement to examine the beam rejection capability was performed 

using a thin C foil as a target in place of He gas. In this case, the charge stripper at 

the terminal of the tandem accelerator was also a conventional C foil stripper. The 

beam emittance, therefore, was rather poor. When the 12C beam was allowed to 

pass through the beam line, it was observed that trace amount of 160 ions with an 

energy of 3/4 12C energy are sometimes mixed in the beam, depending on the 

condition of the charge stripper. Since the energy is just the expected energy for the 
160 product of the 4Hee2C, 160)y reaction, the admixed 160 ions were used as a probe 

for the focusing properties of the recoil separator. A conventional position sensitive 

solid state detector (PSD) was placed at the F2 focus point in the examination. 

Fig.2 shows the scatter plot of the detected events on particle position (vertical 

axis) vs. energy (horizontal axis) plane. The beam intensity was about 10 nA and 

the measurement was made without baffles to stop scattered particles on the vacuum 
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r~Ckground spectrum at the final focus point F2 
~ (1 ) 

Target : natural C (10 I1g/cm2) 
Baffle : removed 
Beam: 12C3+ 9.6 MeV 
Separator setting: 160 3 

+ 7.2 MeV 
Detector: Single-dimensional PSD 

16 0 3 
+ focus area 

12C2+ 

"-'4 MeV 
__ 10-10 

12C3+ 

"-'9.6 MeV 
--10-8 

Fig.2 Back ground events observed at the F2 focus point for a target of 10 j.lg/cm2 

thick C foil. Baffles on the vacuum walls have been removed. The vertical axis is 

position of particle incidence on the detector and the abscissa is particle energy. The 
160 events are due to the impurity of the beam. The numbers at the bottom 

represent the ratios of event rates to the flux of beam particles on the target. 

walls. The 160 ions are seen to be successfully focused on the detector. There are 

three vertical loci in the figure. From the examination with different electric and 

magnetic field settings, it was concluded that the loci correspond, from left to right 

12C particles with charges of 1+, 2+ and 3+, respectively. 

Fig.3 is the similar plot observed in the measurement with the baffles installed 
on the vacuum walls. It is clear that the 12C1+ events have completely disappeared. 

The 12C2+ and 12C3+ loci, on the other hand, still remain. By changing the strengths 

of the quadrupole lenses, the most intense 12C3+ component was found to be able to be 

focused on the detector, showing that it is not due to the scattering of the beam on the 

walls of the separator. The ion optical consideration showed that the component is 

due to the charge changing reaction of the beam with the residual gas in the 

separator. especially in the region between ED and Dl. The 12C2+ locus was finally 
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__ 

Background spectrum at the final focus point F2 
(2) 

Target: natural C (10 tL g/cm 2) 
Baffle : in place 
Beam: 12C3+ 9.6 MeV 
Separator setting: 160 3 

+ 7.2 MeV 
Detector: Single-dimensional PSD 

10.10 

t~~-i-' 
right 	 r~:' : 


.~:/ 

,..~\:.~:; 

.~~;:,~} 
':'fj~,: 

left 

12C2+ 12C3+ 

"'4 MeV "'9.6 MeV 
--10.6 

Fig.3 Back ground events observed at the F2 focus point, similar to Fig.2 except that 

baffles have been installed on the vacuum walls to stop scattered particle. 

concluded to be due to the impurity of the beam, most probably caused by the beam 

scattering on the vacuum walls of the beam line. 

(iii) Further reduction of the back ground 

It is to be noted in both the figures that fortunately the background in the region 

of the 160 events is not serious. In this sense, it may be concluded that the separator 

has an enough applicability to the measurement of the 4Hee2C, 160),), reaction. 

However~ when the beam intensity is increased by three orders of magnitude in the 

practical measurement, the detector would seriously suffer from too high counting 
rates of the 12C2+ and 12C 3+ events. To reduce the 12C2+ component, the vacuum 

chamber in the beam-analyzing magnet is being remodeled to place the beam 

scattering points at larger distance from the central orbit. The beam baffles to stop 

the scattered beam are also to be installed in the beam line. The difficulty exists in 

reducing the 12C
3 
+ component which is caused by charge changing atomic collisions of 

the beam with the residual gas in the separator. The vacuum pressure in the 

separator is of the order of 10- 7 Torr at present, and substantial improvement in the 
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reduction of the residual gas may be difficult. From this view point, another but 

small electric deflector is planned to be placed just in front of the detector, to 

vertically deflect 160 products, preventing 12C3+ ions from hitting the detector. 

5. 	 Summary and present status 

A trial to measure the 12C + 4He--4> 160 reaction rate at low energies down to Ec.ID 
=700 keV has been started at the Kyushu University Tandem Accelerator. It makes 

use of the advantage of inverse kinematics reaction to efficiently collect the reaction 

product of 160. The measurement has required many instrumental developments 

both in the tandem accelerator and in the measuring devices. The accelerator 

development has enabled the increase in the intensities of low energy beams by about 

three orders of magnitude with even better emittance than so far obtained. 

The newly constructed recoil separator has shown a good capability of efficiently 

collecting 160 ions separated from the high flux of beam particles. Some further 

efforts, however, are still required to reduce the back ground particles at the detector. 

The remodeling of the beam line and the installation of a new devices in the separator 

are currently in progress for this purpose. The He gas target has recently been 

installed in the separator and a trial to increase the target thickness is currently 

being continued by cooling the He gas to liquid N2 temperature. 

With all these developments made so far and being made at present, we are 

about to start the measurement of the 12C(a, y) 160 reaction. 
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Screening effects by bound electrons in nuclear reactions 
at extremely low energies 
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We discuss the screening effects by bound electrons in the target nucleus on nuclear 
reactions at extremely low energies in laboratories based on a semiclassical mean field 
theory for quantum tunneling. Taking D+3He and 3He++d reactions as examples, we 
show that the screening potential significantly varies under the tunneling barrier contrary 
to what is often assumed in literatures, and that the variation is especially drastic in the 
D+3He reaction, where the bound electron initially occupies an excited state of the total 
system due to the large non-adiabatic transition to the lowest state stimulated by the 
enhancement of the tunneling probability. We suggest that the screening energy can 
exceed the simple minded adiabatic limit given by the difference of the binding energies 
of the electrons in the target and the united atom. Comments on the screening effects in 
the sun are also added. 

1. INTRODUCTION 

Nuclear reactions at extremely low energies are interesting subjects for their own sake and also to extract 
informations on nucleosynthesis in stars. The cross section for such reactions is usually discussed in terms 
of the astrophysical factor S. The discovery that the measured S factor at low energies is systematically 
larger than the extrapolated value from high energy data has stimulated many experimental as well as 
theoretical studies. Most of them are attributing this enhancement of the reaction cross section to the 
screening effect by the target electrons. One interesting observation is that the screening energy obtained 
by fitting the data exceeds the value in the adiabatic limit, which is supposed to give the upper bound. 
For example, they are 130 eV and 119 eV, respectively for 3He(d,p)4He reactions [1] and 323±51 eV and 
240 eV for 3HeeHe,2p)4He reactions (2]. In this connection, however, we wish to stress that the adiabatic 
limit used in literatures are not the true adiabatic limit, which can never be exceeded [3J, but the simple 
minded adiabatic limit, which is the difference of the binding energy of electrons in the target and in the 
united atom. 

Though the huge screening energy reported in the first generation experiments using gas target has later 
been modified to a somewhat smaller value by correcting the estimate of the stopping power, the remaining 
screening energy is still larger than the simple minded adiabatic limit for all systems experimentally so 
far studied [4]. Among many theoretical attempts to understand this puzzling phenomenon, the series of 
works by Koonin, Langanke and their coworkers are the most advanced (5,1]. They determined the time 
evolution of the relative motion between the two reacting nuclei and the electronic cloud in a coupled 
way, and drew the following conclusions: (1) The resultant screening energy agrees with that estimated 
in the fast tunneling limit at high energies. (2) It agrees with the estimate of the simple minded adiabatic 
limit at low energies. (3) Non-adaiabatic effects are important for intermediate cases. 

Refs. [5,1] treated only the classically allowed region and identified the screening energy with the work 
done by the interaction between the electrons and nuclei in approaching from infinity to the classical 
turning point. This is based on the assumption that the screening potential is constant under the 
tunneling barrier in common with all the phenomenological data analyses. However, this will be correct 
only when the tunneling region is much smaller than the spatial extension of the electrons in the ground 
state of the united atom. Also, as will be remarked later, Refs. [5,1] ignore the change of the intrinsic 
energy of the electrons, i.e. the expectation value of the unperturbed Hamiltonian of electrons, caused 
by the change of their wave function on the way of collision. 

• E-mail address:takigawa@nucl.phys.tohoku.ac.jp 

tE-mail address:sachie@nucl.phys.tohoku.ac.jp 


-202

mailto:address:sachie@nucl.phys.tohoku.ac.jp
mailto:address:takigawa@nucl.phys.tohoku.ac.jp


In this work, we discuss the validity of the assumption of a constant shift of the fusion barrier. We 
also discuss the dependence on the initial state of the electrons. Our interest is to find out whether some 
extraordinary effect arises if the electrons initially occupy an excited state instead of the ground state 
in the sense of the united atom. To this end, we use a semiclassical mean field theory [6], which can be 
applied to describing the coupling between the relative motion of the colliding nuclei and the electrons 
in both classical and tunneling regions. Numerical calculations will be performed for the D+3He and 
3He++d reactions. The former suits the study of the second question raised above, because the electron 
occupies the 2nd excited state in the sense of the united atom at the beginning of the reaction. The latter 
is the counter system, where the electron occupies the ground state of not only the target atom, but also 
of the united atom at the beginning of the reaction. These systems have been chosen to demonstrate the 
novel aspects of the screening phenomenon which we clarify in this work with a relatively light numerical 
load. The analyses of actual data will be reported in forthcoming papers. 

II. THEORETICAL FRAMEWORK 

A. Brief survey of basic formulae 

Let us first survey some basic formulae. The S factor is defined by 

O"(E) = S(E)E-1exp( -27r1]) (1) 

where the exponential factor is called the Gamow factor, and 1] = ZTZpe2 /fiv is the Sommerfeld param
eter. We define the enhancement factor f as the ratio of the true cross section O"(E) to the bare cross 
section O"o(E) in the absence of screening electrons 

f = O"(E) (2) 
0"0 (E) 

In almost all analyses, one assumes that the effects of screening can be represented by a constant lowering 
of the potential barrier. This shift is called the screening energy, which we denote by Ue . FUrther assuming 
that the major energy dependence originates from the Gamow factor in eq.(l), we obtain 

f = O"o(E + Ue ) 

0"0 (E) 
Ue 

r'-J exp{7r1](E) E } (3) 

Eq. (3) is often used in data analyses. Contrary to this standard procedure, we do not presume that the 
effects of electrons can be expressed by a constant shift of the potential barrier. Instead, we calculate the 
fusion probability by the method to be described later. We then convert the enhancement of the reaction 
cross section to the language of the screening energy by 

E E O"(E) 
Ue (4)== 7r1](E) logf = 7r1](E) log(O"o(E») 

In actual calculations, we approximate the ratio of the cross section by the ratio of the tunneling proba
bility in the s-wave scattering with and without screening effects. 

The following two analytic expressions of the screening energy often appear in literatures: 

U(AD;O) = fT _ fU A (5)e g.s. g.s. 

U~F;lS) r'-J 2ZTZp x 13.6eV (6) 

where f~s. and f~:' are the binding energy of the electrons in the target and united atoms, respectively. 
The upper indices AD and F stand for the adiabatic and fast tunneling limits, respectively. As we 
remarked in the introduction, eq. (5) is not the true adiabatic limit, though it is the formula which one 
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often uses for that quantity. That is why we added (0) in the upper index. Also, eq.(5) presumes the 
case, where electrons occupy the ground state also in the sense of united atom at the beginning of the 
reaction. More generally, one should replace the r.h.s. of eq.(5) by the difference of the binding energies 
at R ~ 00 and R ~ 0, R being the separation distance between the projectile and target, of the state 
with the same numbering level in the adiabatic basis. Eq.(6) is valid when the electrons initially occupy 
the Is state of the target atom. That is the origin of the upper index Is. The formula also requires that 
the tunneling region is much smaller than the Bohr radius of the target electrons. 

B. Semiclassical mean field theory 

We freeze the intrinsic degrees of freedom of the col
liding nuclei. The problem then reduces to a three 
body problem for our examples, whose coordinates 
are taken to be the standard Jacobi coordinates (see 
Fig. 1). It is straightforward to generalize to the case, 
where there are more than one screening electrons. T R .p 
The coordinate of the relative motion between the 
nuclei R is the macroscopic coordinate, which un
dergoes a quantum tunneling, while the degrees of Figure 1; Jacobi coordinates 
freedom of electrons ~ represent the environmental 
degrees of freedom. 

We describe the time evolution in the classical region by the following coupled equations, 

in a¢~~, t) = [Ho(~) + Vc(R(t), ~)J ¢(~, t), (7) 

M :2 R(t) = - d~ [V(O)(R) + ~V(R)], (8) 

~V(R) =< ¢(t)I[Ho(~) + Vc(R(t),~)]I¢(t) >, (9) 

~M(d~~t))2 + V(O)(R(t)) +~V(R(t)) =E, (10) 

where ¢(~, t) and Ho(~) are the wave function and the unperturbed Hamiltonian of the electrons, Vc(R,~) 
the interaction between the electrons and nuclei. In order to solve eq.(7), one needs to know R(t), 
which is determined by the Newtonian eq.(8), where the interaction potential consists of the sum of the. 
bare interaction potential between the colliding nuclei V(O) (R) and the screening potential by electrons . 
~VCR), which is given by eq.(9). These equations are solved in a.coupled way, and guarantees the energy 
conservation as given by eq.(10). They are identical with those in [5]. They can be derived from the 
original time dependent Schrodinger equation for the total system by a variational principle based on the 
assumption that the total wave function is given by the product of the wave functions for the relative 
motion and for the electronic degrees of freedom, and further treating the relative motion classically. 

We start to solve these coupled equations with the scattering boundary condition until the relative 
motion encounters the potential barrier, i.e. until the speed of the relative motion becomes zero. We 
then proceed along the negative imaginary time axis by setting t=-i7 to describe the time evolution in 
the tunneling region. The equations corresponding to eqs. (7) through (10) in the tunneling region read 

a¢(~, 7)
n a7 =- [Ho(~) + Vc(R(7), ~)J ¢(~, 7), (11) 

M :;'2 R(7) = d~ [V(O)(R) + ~V(R)], (12) 

~V(R(7))) = < ¢(7)I[Ho(~) + Ve(R(7),~)JI¢(7) > (13)< ¢(7)1¢(7) > ' 

_~M(d~~7))2 + V(O)(R(7)) + ~V(R(7)) =E. (14) 
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A remark would be worth being given for these equations. The theory to describe quantum tunneling 
of a system with many degrees of freedom, or of quantum tunneling of a macroscopic variable in the 
presence of environments, has not yet been established. The fully quantum mechanical mean field theory 
of real time suffers from the problem of a spurious correlation in describing tunneling phenomena, because 
the major component, i.e. the reflected component, will strongly influence the minor, i.e. the tunneling, 
component. On the other hand, the use of the imaginary time is a standard method to describe tunneling 
phenomena, and has been mathematically founded in [7] based on the path integral method for a one
dimensional problem. Though solid foundation is still missing for the quantum tunneling in the system 
with many degrees of freedom, this method is attractive, because one can hope that the imaginary 
time converts the tunneling component into the major component reducing the problem of the spurious 
correlation. In [3J, one of the authors presented a practical method, named the dynamical norm method, 
where one first calculates the tunneling rate for the effective potential including the static potential 
renormalization in the adiabatic limit by the imaginary time method, and then takes the non-adiabatic 
effects into account through the reduction of the norm of the environmental space during the tunneling 
process. We show in [6J that the dynamical norm method is equivalent to eqs.(11) through (14). 

III. NUMERICAL RESULTS FOR THE SCREENING POTENTIAL AND ENERGY 

Once eqs.(11) through (14) have been solved until the end of the tunneling procedure, i.e. until the 
speed of the relative motion again gets zero, we calculate the tunneling probability by 

(15) 

where Ta = 0 and Tb the tunneling time. The corresponding screening energy is then calculated by 

E P(E) 
Ue (16)= 1f1](E) log ( Po(E)) 

where Po(E) is the tunneling probability in the absence of the screening electrons. 
The screening energy thus defined agrees with the value of the screening potential at the outer classical 

turning point if the screening potential does not change in the tunneling region, 

(17) 

As already mentioned, on the other hand, [5,1] used a slightly different definition of the screening energy, 

(R(ra ) 8 
UfS(IP) = - Joo dR 8R < <I>(R(t))IVc(R(t), c;)I<I>(R(t)) > . (18) 

In eqs.(17) and (18) the upper indices CS and IP stand for the constant-shift and the work of the 
interaction-potential-only. The difference between ufs and UfS(IP) is the work done by the unperturbed 
Hamiltonian of electrons in the approach phase from infinity to the external turning point .. 

Figs.2 and 3 show the screening potential b..V(R) as a function of the separation distance R for D+3He 
and 3He++d reactions, respectively. The scale of R is the atomic unit along the bottom abscissa and A 
along the top abscissa, while that of b..V(R) is the atomic and eV units along the left and right axes, 
respectively. The incident energy is 0.025 keY in the center of mass system in both cases. The outer 
classical turning point is around 1 A for the D+3He reaction, while it is marked by the filled triangle for 
the 3He+ +d reaction. We notice that the screening potential is not constant in the tunneling region in 
both systems. We also notice a drastic increase of the screening potential soon after the system enters 
into the tunneling region in the D+3He reaction. The time evolution of the density profile of the electron 
shows that this drastic increase of the screening potential is caused by the non-adiabatic transition of the 
electron to the lowest state. 

Figs.4 and 5 compare the screening energy calCUlated by the present method using eqs.(15) and (16) 
(the filled circles) and by eq.(17) of the constant shift approximation (the open squares). We notice that 
the former gives systematically larger screening energy than the latter. 
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5 

Figs.2 through 5 suggest that one should properly treat the tunneling region in order to have a correct 
understanding of the screening effects and to extract the correct bare reaction rate. 
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IV. COMMENTS ON THE SCREENING EFFECTS IN THE SUN 

Finally we wish to comment on the screening effects in the sun. The temperature in the solar interior 
where the 7Be(p,,)8B reaction, the key reaction of the solar neutrino problem, is most active is about 
15 x uP K. The corresponding Gamow peak energy and the outer turning point for this reaction are 
18 keY and 0.003 A, respectively. One interesting question is whether the screening effects by bound 
electrons which we discussed in this contribution has any relevance to this reaction in the sun. In this 
connection, we wish to refer to ref. [8], where the authors argue that the screening by K shell electrons 
enhance the rate of this reaction in the sun as large as 10-20 %. It would be interesting to study the 
screening effects by bound electrons on this reaction in the light of the present study, i.e. to elucidate the 
role of the tunneling region and also to study the effects of non-adiabatic transition from excited states to 
lower states during the tunneling procedure. The latter is especially interesting, because many electrons 
will be occupying excited bound states following the Boltzmann distribution at this temperature. 

A more standard screening in stars is the screening by free electrons and ions. In the case of weak 
screening, it leads to the following well known formula for the screened Coulomb potential, 

(19) 

where K, the inverse of the Debye-Hiickel radius, is given by 

(20) 


Using the parameters relevant to the solar interior [8,9], the enhancement factor of the 7Be(p,,)8B reaction 
by the screening effects of free electrons and ions are estimated to be of the order of 10-20 % similarly to 
that by bound electrons. 

This is concerned with the electrostatic screening. Though the dynamical effect, which was advocated 
first in [10], has been claimed to be small [II], it would be quite interesting to reexamine it for the 
tunneling region. This is because, for example, the adiabaticity condition is quite different in classical 
and tunneling regions. 
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Abstract 
The usage of laser-induced inverse Compton y rays in the field of nuclear astrophysics is 

discussed. An application to the measurement of photo neutron cross sections on 9Be is demonstrated 
in conjunction with the nucleosynthesis in the neutrino-driven wind of core-collapse supernovae. 
Further applications to the y-process as the origin of the p-nuclei as well as some interesting cases 
are discussed. 

1. LASER-INDUCED INVERSE COMPTON (LIC) Y rays 
y rays of 1 - 40 MeV have become available at the Electrotechnical Laboratory (ElL) in the form 

104 2of a pencil-like beam with a flux of '"'-' photons I(sec mm ) and energy spread of a few % in 

FWHM below 9 MeV [1]. The quasi-monochromatic y rays are produced by inverse Compton 

scattering of Nd:YLF laser photons incident on relativistic electrons in the accumulator ring TERAS. 

The y-ray energy can be varied by changing the electron energy. The feature of this type of y 

source is that 1) it is energy-variable compared with radioactive isotopes~ 2) it provides better energy 

resolution compared with the Bremsstrahlung~ and 3) it is free from the Bremsstrahlung component 

compared with the positron annihilation in flight. 

2. MEASUREMENT OF 9Be(y,n)aa CROSS SECTIONS 
The LIC y rays were used to measure photoneutron cross sections of 9Be(y,n)uu in the excitation 

energy region from 1.78 to 6.11 MeV [2], The inverse reaction, u(an,y)9Be. occurs in the neutrino

driven wind of core-collapse supernovae as a first step of the reaction network [3]. Resonance 

parameters (ER, B(El), rn) for the 112+ and 512+ states were deduced from the least-squares fit to the 

data, while ry for the 5/2- state was deduced from the energy-integrated cross section. The reaction 

rate for u(an,y)9Be was evaluated based on the resonant contribution to the reaction u + u ¢? BBe 

with ra(BBe) = 6.8 1.7 eV. This resonant condition is known to hold at T > 2.8 X 107 K. 

The photoneutron cross sections were converted to radiative capture cross sections for n + BBe ~ 

9Be + y by the detailed balance theorem. 

The present reaction rate was compared with those in the CF88 [4] and NACRE [5] compilations. 

It was found that the rate of the NACRE compilation is rather consistent with the present rate, while 
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the CF88 rate needs to be modified considerably in both temperature dependence and absolute 

magnitude. 

3. STUDY OF THE ORIGIN OF THE P-NUCLEI 
The origin of approximately 30 neutron-deficient stable nuclei with low abundances of 0.01 

1 % that cannot be produced by neutron capture is not known [6]. Photodisintegration of the s- and 

r-process nuclei and proton capture are possible reaction mechanisms. A possible site is the OlNe 

rich-layer in type II supernovae [7]. (y,n) reactions take place in a narrow energy window defined 

by the product of the Planck distribution for a thennal photon bath and the photo neutron cross 

section. The energy window for the (y,n) reactions is in good contrast with the Gamow window for 

non-resonant charged-particle reactions [8]. It lies just above neutron thresholds with a typical 

width of ........, 1 MeV. Thus, cross sections in the low-energy tail of the El giant resonance play an 

important role in producing the p-nuclei. 

The activation technique with the Bremsstrahlung is being used at Technishe Universitat 

Dannstadt for detennining (y,n) reaction rates for the p-nuclei [8]. The quasi-monochromatic LIC y 

rays at ElL can be used to directly measure (y,n) cross sections near the neutron thresholds. An 

example of such measurements is 139La(y,n)138La(y,n)137La [7], where both the production cross 

section (139La(y,n)138La) and the destruction cross section (138La(y,n)137La) for the p-nucleus 138La 

need to be measured. Another example is 181Ta(y,n)180Ta, where the branchings of 181Ta in the 

narrow energy window to the nature's rarest element 180Ta(9-) with a lifetime> 1015 y and the 

ground state of 18°Ta with a lifetime of 8.1 h need to be detennined. 

4. OTHER APPLICATIONS 
Some of other applications are related to the big bang nucleosynthesis p(n,y)D and the 

cosmochronometer 1880s(y,n) 1870S. In the latter, the detennination of the branchings to the first 

excited state 1870S(9.8 keV) [9,10] and the ground state will be a big challenge to nuclear 

experimentalists. 
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Abstract 

We have studied the v-driven winds from the nascent proto-neutron 
star. We have found in the general relativistic hydrodynamical simu
lations using the relativistic EOS table that the short expansion time 
scale is realized in the cases of massive and compact proto-neutron 
stars. Having the trajectories of ejecta, we have performed r-process 
calculations to find that a successful r-process up to A 195 occurs rv 

in the v-driven winds with a short expansion time scale. 

Introduction 

Physics of supernovae and r-process nucleosynthesis are both fascinating 
problems where the interplay of nuclear physics and astrophysics takes the 
important keys. To attack these problems, one has to perform careful nu
merical simulations with the information of nuclear physics at extreme con
ditions, and then, one has to compare with observational signature of stellar 
evolution. Here I focus on our recent studies of the r-process in v-driven 
winds in supernovae with two strong motivations from the recent progress 
in astronomy and nuclear physics. 

The first motivation is what the recent observations of r-process elements 
in extremely metal-deficient stars[l, 2] have exhibited. Metal-deficient stars, 
whose metal abundance is 10-3 or less relative to the solar system abun
dance, are thought to have formed as first or second generation stars in the 
early stage of the evolution of the Galaxy. The abundance patterns have 
been found to match very well with a scaled solar system r-process abun
dance pattern. These observations strengthen our interests to study the 
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nucleosynthesis in v-driven winds as a primary process. We would like to 
clarify whether the r-process occurs and how much amount of heavy elements 
are produced in v-driven winds. 

The second motivation is the recent advance in the physics of unstable 
nuclei which have been developed in radioactive nuclear beam facilities in 
the world[3, 4]. There are increasing experimental data of unstable nuclei in 
neutron-rich region, which can help to probe the neutron-rich matter in neu
tron stars and supernovae. Along-this line of research, we have extensively 
studied the nuclear structure and nuclear matter in the relativistic many 
body framework [5, 6, 7, 8]. Recently, we have completed the relativistic 
EOS table in order to apply to supernova simulations from these theoretical 
studies[9, 10]. Reliability of the EOS table has been checked by comparing 
with the data of unstable nuclei, which ensures the validity of application 
to various simulations of supernova phenomena. In the light of this progress 
in physics of unstable nuclei, we perform the hydro dynamical simulations 
of v-driven winds. I report in this article that a short expansion time scale 
is found in our hydro dynamical studies[ll] to be a promising condition for 
successful r-process in v-driven winds, as was previously proposed by Otsuki 
et al. in the semi-analytic studies of the winds[12]. 

2 R-process in v-driven winds 

2.1 Relativistic EOS table 

The relativistic EOS table, which has been completed recently by the present 
author and his collaborators [9 , 10], spans the wide range of density, com
position and temperature relevant to supernova explosions. This EOS is 
based on the relativistic mean field theory, which is known to be a success
ful model for the studies of nuclear structure[5, 6, 7]. We have constructed 
the RMF theory based on the relativistic Briickner-Hartree-Fock theory[13]. 
The RMF theory has been carefully polished by incorporating the experi
mental data such as masses and radii[8, 14] in order to set up the theoretical 
parameters. There have been accumulated successful applications to a vari
ety of studies in nuclear physics and astrophysics. The relationship between 
EOS and neutron-skin thickness has been discussed[15]. The relativistic 
EOS table has been applied to numerical simulations of core collapse [16] 
and neutrino emission from proto-neutron stars[17]. The EOS table is avail
able for open use upon request to the author. 
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2.2 Condition of r-process in v-driven winds 

The v-driven wind occurs in supernovae shortly after the core bounce. At 
this time, there is a hot neutron star containing neutrinos at the center. A 
part of neutrinos emitted as supernova neutrinos heats the surface material 
in the nascent neutron star. As a result, a small portion of material is 
ejected forming a v-driven wind. During the expansion of ejected material, 
nucleosynthesis starts from neutrons and protons at high temperature above 
1 MeV. At around 0.5 MeV, a-process goes on through three-body reactions 
to produce a small amount of seed elements. At around 0.2 MeV, r-process 
takes place if neutrons are still abundant enough. 

Woosleyet al. have indicated a profound implication that the r-process 
could occur if neutron-to-seed abundance ratio is high enough at the end 
of the a-process in the v-driven winds with high entropy per baryon 1"V400 
kB[18]. In their case the density is low, because S I"V T3 / p, so that the three
body reaction (aan -4 9Be) creates not very large amount of seeds, leaving 
plenty of free neutrons. Consequently the neutron-to-seed abundance ratio 
becomes very high. However, in other studies, entropy has been found to be 
too low (",100 kB)[19, 20]. In'addition, v-process is found to reduce neutron 
fraction significantly to unfavor the r-process [21] . 

It has recently been proposed in the semi-analytic studies of the v-driven 
winds[12] that a high neutron-to-seed abundance ratio is realized in the 
winds of short expansion time. If the expansion time scale is short enough, 
there is little time for the three-body reaction to create many seed elements, 
leading to high neutron-to-seed abundance ratio. Moreover, one can avoid 
harmful v-process due to short time period[12, 22]. Since these findings in 
the semi-analytic studies are quite favorable for the successful r-process, we 
tried to establish the validity by carrying out hydrodynamical simulations 
of the v-driven winds[ll]. 

2.3 Numerical simulations 

Numerical simulations have been carried out by solving general relativis
tic hydrodynamics[23] with neutrino heating and cooling being taken into 
consideration. The relativistic EOS table has been adopted for these simu
lations. We follow the hydrodynamics of surface layers of a proto-neutron 
star. Having trajectories of density and temperature of ejected material, 
we calculate nucleosynthesis by solving r-process reaction network[24]. We 
have studied the dependence on the mass and radius of neutr.on star, and 
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neutrino spectrum and luminosity as a first step. We are currently linking 
with supernova simulations. 

Figure 1 demonstrates mass trajectories as a function of time in the case 
of the neutron star of 2M0 and 10 km with a total v-luminosity of 6 x 
1052 [erg/s]. The material is heated up by neutrinos, and the surface layers 
are ejected successively. In this particular case, the expansion time scale 
is 5 msec and the entropy per baryon is 160 kB. Picking up a trajectory 
from numerical simulations, we have calculated the r-process nucleosynthesis 
with an extended nuclear reaction network including very light neutron-rich 
nuclei [24] . Figure 2 shows the final abundance yields of r-process calculation. 
We can observe that the heavy elements up to third peak around A rv 195 
are successfully reproduced. Relative height of second peak is also nicely 
reproduced in the present work. In the current study, we have seen that 
massive and compact neutron stars are preferable. We have also found 
that a new nuclear-reaction flow runs through the light neutron-rich nuclei 
near the drip line and changes dramatically the final abundances. This 
new nuclear-reaction flow can change the final heavy element abundances 
by orders of magnitudes[24]. 
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Figure 1: Calculated mass trajectories in neutrino-driven wind. 
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Figure 2: Calculated r-process abundance. 

Summary 

By performing hydrodynamical simulations with the relativistic EOS table, 
which has recently been completed, we have found that the r-process is pos
sible in v-driven winds with short expansion time scale. Further simulations 
of the v-driven winds are now underway by taking care of the evolution of 
proto-neutron star and v-spectrum in order to derive the total amount of 
r-process yields in supernovae from various progenitor masses. 
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Abstract 

The observat.ions of the globular cluster red giant.s show the abundance anomalies which 
are different. from those in other st.ars. One of the most different elements is 24Mg, which 
is decreased in such stars although it is not broken in the ordinary steller evolut.ion. The 
mechanism to destroy 24 Mg is discussed and the decreasing of 24Mg is reproduced by using 
the Mixing-Induced Hydrogen Shell Flash· Model. 

The stars in which aluminum enhanced and 24Mg decreased have been observed in some of 
globular cluster red giant.s [1]. The abundance profiles shown by Langer and Hoffman [2] 
indicate that 25Mg and 26Mg depleted and Al enhanced. Because the abundance of 24Mg 
little changes, we can not understand the observed result in which 24Mg depleted in some 
globular cluster red giants. In this report, we discuss the abundances under the conditions 
on the temperature higher than that in ordinary steller evolution. As one of mechanisms to 
make high temperature the Mixing-Induced Hydrogen Shell Flash Model [3] is proposed. In 
this model, the mixing of hydrogen into the He-core is occurd and it can" provide us the high 
t.emperature enough t.o burn 24 Mg. 

The abundance profiles are calculated by the reaction network consisting oft.he 61 isotopes 
of the 16 lightest species, and the reaction rates are taken from the compilation by Caughlan 
and Fowler [4] and some updated ones [5]. We assume the same initial abundances as Langer 
and Hoffman userd [2], and the abundances in the He-core are taken as the calculational 
result with the constant temperature and constant density at the time when hydrogen is 
depleted and the mixed ones are initial ones because we consider the mixing of a small 
amount of hydrogen shell into the hydrogen depleted He-core. If hydrogen mixes into the 
He-core, hydrogen burning makes a thermal runaway and the temperature at the burning 
shell becomes higher. The detail of this model is explained by Fujimoto et al [3]. The 
present calculation is performed under the assumptions that the core-mass is 0.3Mo , OAMo 
and OA5Mo and the mixing depth is between 0.5 and 5 pressure scale hight(Hp). For 
example, Figure 1 shows the changes of temperature and density under OAMo and 3 Hp. 
The abundance profiles in the burning shell is calculated by taking into account a rapid 
change of temperature and densit.y due to the Mixing-Induced Hydrogen Shell Flash Model. 

In Figure 2, we show the ratio of initial to final abundance of 24Mg under the calculation 
of the Mixing-Induced Hydrogen Shell Flash Model. It is shown that 24Mg decreases when 
the temperature increases rapidly. This model can show the decrease of 24Mg. The details 
of mixing mechanism are under consideration. 
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Figure 1: The changes of temperature and density under OAM0 and 3 Hp 
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Figure 2: The ratio of initial to final abundance of 24Mg under the calculation of the Mixing
Induced Hydrogen Shell Flash Model. The core-mass is (a) O.3Me , (b) OAMe and (c) OA5Me 
and the mixing depth is between 0.5 and 5 pressure scale hight(Hp). 
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We reanalyze primordial nucleosynthesis in the presence of a net lepton asymmetry. We 
show that a previously unnoted region of the parameter space exists in which very large 
baryon densities 0.1 S nb S 1 can be accommodated within the light-element constraints 
assuming that some destruction of primordial lithium has occurred. this parameter space 
consists of large 1/1-" I/r degeneracies together with a moderate I/e degeneracy. Constraints 
on this parameter space from non-big-bang considerations, such as Cosmic Background 
Radiation measurements, are also discussed [1]. 

1. Introduction 

The universe appears to be charge neutral to very high precision. Hence, any universal 
net lepton number beyond the net baryon number must reside entirely within the neutrino 
sector. Since the present relic neutrino number asymmetry is not directly observable there 
is no firm experimental basis for postulating that the lepton number for each species is 
zero. It is therefore possible for the individual lepton numbers Ll of the universe to 
be large compared to the baryon number of the universe, B, while the net total lepton 
number is small (L "-' B). It has been proposed recently [2] that models based upon the 
Affleck-Dine scenario of baryogenesis might generate naturally lepton number asymmetry 
which is seven to ten orders of magnitude larger than the baryon nurnber asymmetry. 
Neutrinos with large lepton asymmetry and masses "-' 0.07 eV might even explain the 
existence of cosmic rays with energies in excess of the Greisen-Zatsepin-Kuzmin cutoff [3]. 
It is, therefore, equally important for both particle physics and cosmology to carefully 
scrutinize the limits which cosmology places on the allowed range of both the lepton and 
baryon asymmetries. 

The consequences of a large lepton asymmetry and associated neutrino degeneracy for 

* Graduate University for Advanced Studies, Department of Astronomical Science, 2-21-1, Osawa, Mitaka, 
Tokyo 181-8588, Japan 
tUniversity of Tokyo, Department of Astronomy, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan 
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big bang nucleosynthesis (BBN) have been considered in many papers (4] (and references 
therein). 

The present work differs from all of those listed above primarily in that we carefully 
examine models with large neutrino degeneracies. We show that there is a correction 
to the neutrino reaction rates which causes the neutrino decoupling temperature to be 
significantly higher than previous estimates. That fact causes new solutions for BBN in 
which significant baryon density is possible without violating the various cosmological 
constraints. 

2. Neutrino Decoupling 

Neutrinos and anti-neutrinos drop out of thermal equilibrium with the background 
thermal plasma when the weak reaction rate per particle, r, becomes slower than the 
expansion rate, H. Since the decoupling occurs quickly, it is a good approximation to esti
mate a characteristic decoupling temperature TD, at which the slowest weak-equilibrating 
reaction per particle r becomes slower than the expansion rate. 

Our decoupling temperers are significantly higher than those estimated in Kang & 
Steigman (1992) for reasons which we now explain. 

First, the existence of a lepton asymmetry represented by a finite positive neutrino 
chemical potential will cause the number density of antineutrinos to be significantly less 
than that of neutrinos. Hence, the annihilation rate per neutrino r v = nv(O'vv) can be 
significantly less than the reaction rate per antineutrino, electron or positron. 

Another difference between our results and that of Kang & Steigman (1992) is twofold: 
The first is that we have included the finite temperature corrections to the mass of the 
electron and photon [5]. The second is that we have calculated the average neutrino 
annihilation rate in the cosmic comoving frame, in which the M011er velocity instead of 
the relative velocity is to be used for the integration of the collision term in the Boltzmann 
equations [6,7]. 

If the neutrinos decouple early, they are not heated as the number of particle degrees 
of freedom change. Hence, the ratio of the neutrino to photon temperatures, TvlT"n is 
reduced. The biggest drop in temperature for all three neutrino flavors occurs for ~v ~ 10. 
This corresponds to a decoupling temperature above the cosmic QeD phase transition. 
The low temperature is the result of the decrease in particle degrees of freedom during this 
phase transition. This discontinuity will have important consequences in the subsequent 
discussions. 

3. Big Bang N ucleosynthesis 

Non-zero lepton nurnbers primarily affect nucleosynthesis in two ways. First, degener
acy in any neutrino species leads to an increased universal expansion rate independently 
of the sign of ~Ve' As a result, the weak interactions that maintain neutrons and protons 
in statistical equilibrium decouple earlier to predict increased 4He production. 

Secondly, The equilibrium nip ratio is related to the electron neutrino degeneracy 
by nip = exp{ -(fl.MITnt+p) - ~Ve}, where fl.M is the neutron-proton mass difference 
and Tnt+p is the freeze-out temperature for the weak reactions converting protons to 
neutrons and vice versa. This effect leads to either increased or decreased 4He production, 
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depending upon the sign of Le or ~Ve' 
There is also a third effect which we emphasize in this paper. As discussed in the 

previous section, Tv/T,,; can be reduced if the neutrinos decouple at an earlier epoch. 
This lower telnperature reduces the energy density of the highly degenerate neutrinos 
during the BBN era, and hence, slows down the expansion of the universe. This leads to 
decreased 4He production. 

The values for ~vp. and~vT primarily affect the expansion rate. This means that ~vp. 

and ~VT are roughly interchangeable as far as their effects are nucleosynthesis concerned. 
Therefore, in what follows, we describe results for l~vp.1 = I~VT I == ~VP..T· 

Figure 1 highlights the basic result of this study. For low nbh~o models, only the usual 
low values for ~Ve and ~VP.'T are allowed. Between Obh;o ~ 0.188 and 0.3, however, n10re 
than one allowed region emerges. For nbh~o ;(, 0.4 only the large degeneracy solution is 
allowed. Neutrino degeneracy can even allow baryonic densities up to nbh~o 1. What 
is different here with previous studies is that the high nbh;o models are made possible 
for smaller values of ~Ve by careful accounting of the relic neutrino temperature. This 
suggests that baryons and degenerate neutrinos might provide a larger contribution to 
the universal closure density than has previously been assumed based upon light-element 
constraints from BBN. 

The resultant elemental abundances as a function of nbh~o allows us to consider whether 
there exists an abundance signature in other elements which might distinguish this new 
degenerate neutrino solution from standard BBN. For the most part the yields of the 
light and heavy species are similar to those of the standard non-degenerate big bang. 
However, the boron abundance exhibits an increase with baryon density due to alpha 
captures on 7Li. Thus, in principle, an anomalously high boron abundance together with 
beryllium and 6Li similar to that expected from standard BBN might be a signature of 
neutrino-degeneracy. 

In this context a recent compilation of the nuclear reaction rates relevant to the produc
tion of 11 B ([ Orito, Kajino, & Oberhummer 1998]) was useful because several important 
LiBeB(a,x) and (n,,) reaction rates in the literature sometimes differ fron1 one another 
by 2-3 orders of magnitude. The calculated abundances of heavier elements based upon 
these rates can also differ from one another by 1-2 orders of magnitude. 

The uncetainty of the predicted abundances mainly come from the reaction rates. We 
need the more precise data to determined the reaction rates, especially for 3He, B, 11 C(Q,,). 

4. Cosmic Microwave Background Constraint 

Perhaps, the most stringent remaining constraint on neutrino degeneracy comes from its 
effect on the cosmic microwave background. Several recent works [8-10] have shown that 
neutrino degeneracy can dramatically alter the power spectrum of the CMB. The essence 
of the constraint is that degenerate neutrinos increase the energy density in radiation 
at the time of photon decoupling in addition to delaying the time of matter-radiation 
energy-density equality as discussed above. One effect of this is to increase the amplitude 
of the first acoustic peak in the CMB power spectrum at l ~200. 

However, in the existing CMB constraint calculations (Kinney and Riotto 1999: Les
gourgues and Pastor 1999; Hannestad 2000) only small degeneracy parameters with the 
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standard relic neutrino temperatures were utilized in their derived constraint. Hence, the 
possible effects of a diminished relic neutrino temperature need to be reconsidered. To 
investigate this we have done calculations of the CMB power spectrum, based upon the 
CIVIBFAST code of Seljak & Za.ldarriago (1996). 

The solid line on Figure 2 shows a OA = 0.4 model for which n = 0.78. For this fit 
~X2 27 which makes this large degeneracy model marginally consistent with the data. 
at a level of 5.20". The dotted line in Figure 2 shows the matter dominated OA = 0 best 
fit model with n = 0.83. For this fit ~X2 = 9 which makes this large degeneracy model 
consistent with the data at the level of 30", The main differences in the fits between the 
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Figure 1. Allowed values of ~Ve and ~VP..T Figure 2. CMB power spectrum from 
for which the constraints from light ele the recent MAXIMA-1 [12] (circles) and 
ment abundances are satisfied for values BOOMERANG [11] (squares) binned 
of Obhgo = 0.075, 0.1, 0.2, 0.3 and 1.0 as data compared with calculated 0 = 1 
indicated. models. 

large degeneracy models and our adopted benchmark model are that the first peak is 
shifted to slightly higher l values and the second peak is somewhat suppressed. It thus 
becomes important to quantify the amplitude of the second peak in order to constrain 
the large degeneracy models proposed herein. 

Here one can clearly see that the suppression of the second acoustic peak in the observed 
power spectrum is consistent with our derived neutrino-degenerate models. In particular, 
the MAXIMA-1 results are in very good agreement with the predictions of the neutrino
degenerate cosmological models described herein. 

It is clear, that these new data sets will substantially improve the goodness of fit for 
the neutrino-degenerate models [9]. Moreover, both data sets seem to require an increase 
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in the baryonic contribution to the closure density as allowed in our neutrino-degenerate 
models. In a subsequent paper we will examine the implications of those data in detail [13] 
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Abstract 

The Nuclear Data Center has been compiling Japanese Evaluated Nuclear Data Libraries, 
JENDL with the aid of Japanese Nuclear Data Committee. The most recent version of JENDL is 
JENDL-3.2 containing the neutron-induced reaction data for 340 nuclides. MaxwelJian
averaged capture cross sections were calculated from JENDL-3.2 and compared with other 
recommendations. 

1. Introduction 
The Nuclear Data Center of Japan Atomic Energy Research Institute (JAERI) has been 

developing various nuclear data files with the aid of Japanese Nuclear Data Committee (JNDC). 
JNDC was established in JAERI and Atomic Energy Society of Japan in 1963. Work of nuclear 
data evaluation started in 1970. The first version of our own evaluated nuclear data library, 
JENDL-l (Japanese Evaluated Nuclear Data Library-I) was released in 1977. After JENDL-l, 
we have made efforts to improve the nuclear data and released several versions of JENDL. The 
currently used version is JENDL-3.2. 

This paper describes outline of JENDL-3.2 and Maxwellian-averaged capture cross sections 
calculated from JENDL-3.2. 

2. Domestic and International Collaboration on Nuclear Data 
JNDC has about 120 members from universities, institutes, private companies, etc. They 

belong to working groups to make evaluation of nuclear data, to test the evaluated data, and so 
on. Domestic collaboration on the nuclear data has been well organized under JNDC and the 
Nuclear Data Center. 

International collaboration is also inevitable. We have the so-caJled four-center network on 
the nuclear data. Information on the nuclear data is gathered and distributed via the four-center 
network which consists of OECD NEA Data Bank, IAEA NDS, NNDC of the United States, 
NDC of Russia. Since Japan is a member country of OECD NEA Data Bank, Japanese users 
can obtain the information from the Data Bank .. 

The work concerning nuclear data in Japan is being performed under those col1aborations. 

3.JENDL 
The first version of JENDL was released in 1977. That contains the neutron induced reaction 

data for 72 nuclides which are important to fast breeder reactors. The second version, JENDL-2, 
was released in 1982 including the data for 84 nuclides, and revised in 1985 by including many 
fission product nuclides. Finally the data for 181 nuclides were given in JENDL-2. JENDL-3 
was released in 1989, and updated in 1990 to JENDL-3.1. Furthermore it was improved to 
JENDL-3.2 [I] in 1994 which stores the data for 340 nuclides. The nuclides compiled in 
JENDL-3.2 are listed in Table 1. 

The JENDL-3.2 contains various types of nuclear data; cross sections, resonance parameters, 
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angular and energy distributions of secondary neutrons, gamma-ray production cross sections, 
angular and energy distributions of gamma-rays. For heavy nuclides, data for fission are also 
given; neutrons per fission, fission product yields, etc. These data are given in the incident 
neutron energy range from 10-5 eV to 20 MeV. 

Figure 1 shows an example of cross sections given in JENDL-3.2. In JENDL-3.2, the cross 
sections in the resonance region are represented with resonance parameters which were adjusted 
so as to reproduce well measured cross sections. Figure 2 is another example of the 148Sm 
capture cross section. The most recent experimental data measured by Wisshak et al.[2] are in 
very good agreement with JENDL-3.2. Other evaluated data are also shown in this figure. 
ENDF/B-VI that is an evaluated data library of the United States is the same as JEF-2.2 of 
European countries in this case, and larger than JENDL-3.2. JENDL-3.1 is a previous version of 
JENDL. It is seen that JENDL-3.2 was improved to reproduce the more recent experimental 
data. 

We are making also JENDL special purpose files which contain only the data needed to 
specific fields of data applications. JENDL Dosimetory File 99 contains the cross section and 
covariance data for 67 neutron-induced reactions which are used for neutron dosimetory. 
JENDL Fusion File was compiled to be used in fusion neutronics fileds. This file provides the 
reliable energy-angle distributions of emitted particles (double differential cross sections) for the 
nuclides important to fusion reactors. The version released in 1999 contains the data for 92 
nuclides. The activation cross sections are complied in JENDL Activation Cross Section File 96. 
This file consists of 1246 reactions for 233 nuclides. JENDL FP Decay File 2000 has been 
released recently containing decay data for 1229 fission product nuclides. 

Above-mentioned data of JENDL are available from the following URL; http://wwwndc. 
tokai.jaeri.go.jp. We are revising JENDL-3.2 by considering new experimental data and 
feedback from JENDL-3.2 users. The new version, JENDL-3.3, will be released in Spring 2001. 

4. Maxwellian-averaged Capture Cross Sections 
Since JENDL-3.2 provides the cross section data in the neutron energy range up to 20 MeV, 

one can calculate Maxwellian-averaged cross sections from JENDL-3.2, which can be 
applicable to the study of s-process in the nucleosynthesis; 

(a) = ((]V) = ~ (kTt2ra(E)Eexp(-~t E . 
vI' -v1C kT ['0 

The average cross section was calculated for 317 nuclides in the temperature range from 1 keY 
to 1 MeV. The results of the calculation has been published as Ref. [3]. 

The Maxwelllian-averaged cross sections at kT=30 keY are compared with those 
recommended by Beer et al.[4] in Fig.3. Nuclides in the both sets are almost the same below the 
mass number of 160. Between 160 and 210, the number of nuclides in JENDL-3.2 is less than 
Beer et al. because the nuclides in this region are not so important for reactor applications. On 
the contrary, many actinide nuclides are given in JENDL-3.2. Figure 4 shows the ratios of 
JENDL-3.2 and Beer et al. Most ofnuc1ides are in the range of+ 50 % and - 50 0/0. 

However, large discrepancies are found to some nuclides. The largest discrepancy is the case 
of 160. Figure 5 shows the comparison of Maxwellian averaged capture cross section of 160. 
JENDL-3.2 agrees well with the experimental data of Igashira et al.[5] JENDL-3.2 is also in 
good agreement with the measured capture cross sections in the keY region [5,6] as shown in 
Fig.6. Therefore, the recommendations by Thielmann et al.[7], Bao et al.[8] and Beer et al. are 
too small and their temperature dependence might be incorrect. 

Figure 7 is another example of the Maxwellian-averaged capture cross section of 12C. In this 
case, the values at 30 keY of JENDL-3.2 and Beer et al. agree with measured data of Ohsaki et 
al.[9] However, the temperature dependence is different. JENDL-3.2 is more correct than Beer 
et al. also in this case because JENDL-3.2 is based on the measured cross sections in the keY 
region. 
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Figure 8 is the Maxwellian-average capture cross section of 209 Bi. JENDL-3.2 has the same 
shape of temperature dependence as the recent measurement of M utti et al. [ 1 0] 
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Table 1 Nuclides whose data are given in JENDL-3.2 

A mass number of 0 means a natural element, and that with 'm' a meta-stable state. 

I-H - 1 
3-Li- 7 

7-N - 14 
12-Mg- 0 

14-Si- 0 
16-S - 0 
17-Cl- 0 

19-K - 39 
20-Ca- 42 
21-Sc- 45 
22-Ti- 49 
24-Cr- 52 
26-Fe- 54 

28-Ni- 0 
28-Ni- 64 
31-Ga- 69 
32-Ge- 73 
34-Se- 76 
34-Se- 82 

I-H - 2 
4-Be- 9 

7-N - 15 
12-Mg- 24 

14-Si- 28 
16-S-32 
17-CI~ 35 
19-K - 40 
20-Ca- 43 

22-Ti- 0 
22-Ti- 50 
24-Cr- 53 
26-Fe- 56 
28-Ni- 58 
29-Cu- 0 

31-Ga-71 
32-Ge- 74 
34-Se- 77 
35-Br- 79 

2-He- 3 
5-B - 10 
8-0 - 16 

12-Mg- 25 
14-Si- 29 
16-S - 33 
17-CI- 37 
19-K - 41 
20-Ca- 44 
22-Ti- 46 
23-V-51 
24-Cr- 54 
26-Fe- 57 
28-Ni- 60 
29-Cu- 63 

32-Ge- 0 
32-Ge-76 
34-Se- 78 
35-Br- 81 

-235

2-He- 4 
5-B - 11 
9-F - 19 

12-Mg- 26 
14-Si- 30 
16-S - 34 

18-Ar- 40 
20-Ca- 0 

20-Ca- 46 
22-Ti- 47 
24-Cr- 0 

25-Mn- 55 
26-Fe- 58 
28-Ni- 61 
29-Cu- 65 
32-Ge- 70 
33-As- 75 
34-Se- 79 
36-Kr- 78 

3-Li- 6 
6-C - 12 

I1-Na- 23 
13-AI- 27 
15-P - 31 
16-S - 36 
19-K - 0 

20-Ca- 40 
20-Ca- 48 
22-TI- 48 
24-Cr- 50 

26-Fe- 0 
27-Co- 59 
28-Ni- 62 
31-Ga- 0 

32-Ge-72 
34-Se- 74 
34-Se- 80 
36-Kr- 80 
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Table 1 ( continued) 

36-Kr- 82 36-Kr- 83 36-Kr- 84 36-Kr- 85 36-Kr- 86 
37-Rb- 85 37-Rb- 87 38-Sr- 86 38-Sr- 87 38-Sr- 88 
38-Sr- 89 38-Sr- 90 39-Y - 89 39-Y - 91 40-Zr- 0 

40-ZR- 90 40-Zr- 91 40-Zr- 92 40-Zr- 93 40-Zr- 94 
40-Zr- 95 40-Zr- 96 41-Nb- 93 41-Nb-94 41-Nb- 95 
42-Mo- 0 42-Mo- 92 42-Mo- 94 42-Mo- 95 42-Mo- 96 

42-Mo- 97 42-Mo- 98 42-Mo- 99 42-Mo-I00 43-Tc- 99 
44-Ru- 96 44-Ru- 98 44-Ru- 99 44-Ru-l00 44-Ru-l01 

44-Ru-l02 44-Ru-l03 44-Ru-l04 44-Ru-l06 45-Rh-l03 
45-Rh-l05 46-Pd-l02 46-Pd-l04 46-Pd-l05 46-Pd-l06 
46-Pd-l07 46-Pd-l08 46-Pd-l10 47-Ag- 0 47-Ag-I07 
47-Ag-I09 47-Ag-l10m 48-Cd- 0 48-Cd-l06 48-Cd-l08 
48-Cd-l10 48-Cd-lll 48-Cd-lI2 48-Cd-113 48-Cd-II4 
48-Cd-116 49-ln-113 49-ln-115 50-Sn-I12 50-Sn-114 
50-Sn-115 50-Sn-116 50-Sn-117 50-Sn-118 50-Sn-119 
50-Sn-120 50-Sn-122 50-Sn-123 50-Sn-124 50-Sn-126 

51-Sb- 0 51-Sb-121 51-Sb-123 51-Sb-124 51-Sb-125 
52-Te-120 52-Te-122 52-Te-123 52-Te-124 52-Te-125 
52-Te-126 52-Te-127m 52-Te-128 52-Te-129m 52-Te-130 
53-1-127 53-1 -129 53-1-131 54-Xe-124 54-Xe-126 

54-Xe-128 54-Xe-129 54-Xe-130 54-Xe-131 54-Xe-132 
54-Xe-133 54-Xe-134 54-Xe-135 54-Xe-136 55-Cs-133 
55-Cs-134 55-Cs-135 55-Cs-136 55-Cs-137 56-Ba- J 30 
56-Ba-132 56-Ba-134 56-Ba-135 56-Ba-136 56-Ba- J 37 
56-Ba-138 56-Ba-140 57-La-138 57-La-139 58-Ce-140 
58-Ce-141 58-Ce-142 58-Ce-J44 59-Pr-141 59-Pr-143 
60-Nd-142 60-Nd-143 60-Nd-144 60-Nd-145 60-Nd-146 
60-Nd-147 60-Nd-148 60-Nd-150 61-Pm-147 61-Pm-148 

61-Pm-148m 61-Pm-149 62-Sm-144 62-Sm-147 62-Sm-148 
62-Sm-149 62-Sm-150 62-Sm-151 62-Sm-152 62-Sm-153 
62-Sm-154 63-Eu- 0 63-Eu-151 63-Eu-152 63-Eu-153 
63-Eu-154 63-Eu-155 63-Eu-156 64-Gd-152 64-Gd-154 
64-Gd-155 64-Gd-156 64-Gd-157 64-Gd-158 64-Gd-160 
65-Tb-159 72-Hf- 0 72-Hf-174 72-Hf-176 72-Hf-177 
72-Hf-178 72-Hf-179 72-Hf-180 73-Ta-181 74-W - 0 
74-W -182 74-W -183 74-W -184 74-W -186 82-Pb- 0 
82-Pb-204 82-Pb-206 82-Pb-207 82-Pb-208 83-Bi-209 
88-Ra-223 88-Ra-224 88-Ra-225 88-Ra-226 89-Ac-225 
89-Ac-226 89-Ac-227 90-Th-227 90-Th-228 90-Th-229 
90-Th-230 90-Th-232 90-Th-233 90-Th-234 91-Pa-231 
91-Pa-232 91-Pa-233 92-U -232 92-U -233 92-U -234 
92-U -235 92-U -236 92-U -237 92-U -238 93-Np-236 

93-Np-237 93-Np-238 93-Np-239 94-Pu-236 94-Pu-238 
94-Pu-239 94-Pu-240 94-Pu-241 94-Pu-242 95-Am-241 

95-Am-242 95-Am-242m 95-Am-243 95-Am-244 95-Am-244m 
96-Cm-241 96-Cm-242 96-Cm-243 96-Cm-244 96-Cm-245 
96-Cm-246 96-Cm-247 96-Cm-248 96-Cm-249 96-Cm-250 
97-Bk-249 97-Bk-250 98-Cf-249 98-Cf-250 98-Cf-251 
98-Cf-252 98-Cf-254 99-Es-254 99-Es-255 100-Fm-255 
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Abstract 

Carbon star (C/O> 1 by number) LP 625-44 shows a high abundance of lead (Pb) and 
a peculiar distribution of s-process elements ([Pb/Ba]~ -0.09 and [Sr/Ba]~ 1.59). The 
abundance pattern can be reproduced with a narrow range of neutron exposure T '" 0.7mb-1. 

This high neutron exposure may indicate that there exist alternative sites for s-process 
nucleosynthesis in metal-dificient star and/or defects in stellar modelling and input physics. 

Recent observation of heavy elements, which were detected by using High Dispersion Spec
trographs equipped with the world biggest telescopes KECK, SUBARU, and also the Hubble 
Space Telescope, has indicated that several extremely metal-deficient stars with [Fe/H] < -2.5 
show remarkable enhancement of the r-process elements. Discovery of extremely metal-deficient 
AGB stars, which might exhibit enhancement of the s-process elements, also has long been 
wanted to study the stellar evolution of low and intermediate mass stars, especially nucleosyn
thesis of s-process elements observed in a large range of metallicity and material mixing such as 
third dredge-up and convective shell driven by thermal runaway of He shell burning. 

Aoki et al. (2000) have discovered quite recently that the extremely metal-deficient 
([Fe/H] = -2.7) carbon star LP625-44 contains very enhanced s-process elements. They also 
have succeeded in the first detection of lead (Pb) by using the ground-base Telescope AAT. Since 
LP 625-44 belongs to a binary system, whose evidence comes from radial velocity variations, 
most s-process elements found in this star are presumed to originate in ejecta from the counter 
AGB star under very active mass loss. The detected abundance pattern for the heavy elements 
from Ba to Pb was found to match very well with a scaled solar-system s-process abundance and 
Pb/Ba~l, while exhibiting about two orders of magnitude smaller Sr-Y-Zr abundances. This 
result is very different from a theoretical prediction, which results in Pb/Ba ~ 100, derived from 
a stellar evolution model with low metallicity (Busso et al. 1999). 

Motivated by this discovery of the LP625-44 star and disagreement between theory and 
observation, we have studied the s-process nucleosynthesis theoretically in canonical method by 
using large dimension network code (Iwamoto et al. 2000). We then found; (1) neutron exposure 
T I'V 0.7mb-1 , which is one order of magnitude stronger than the standard model for the solar
system, can best fit the observed abundances in LP625-44, (2) Pb/Ba~l and Sr-Y-Zr/Ba~1/10 
are explained, (3)in the canonical method one cannot distinguish inter-pulse model in which the 
s-process nuclosynthesis occurs under radiative condition from thermal-pulse model in which the 
s-process nucleosynthesis occurs under convective condtion because the same neutron exposure 
reproduces the same abundance distribution of s-process elements. This neutron exposure we 
obtained is too high relative to the one in the evolution models with radiative 13C burning. This 
may indicate that there exist alternative sites for the s-process nUcleosynthesis in metal-dificient 
star (e.g. Fujimoto et al. 2000) and/or defects in stellar modelling and input physics. 
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Slow Neutron Capture Nucleosynthesis 
in AGB star 
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Observational Results of Extremely Metal-Deficient star: LP 625-44 
Aoki et al. (2000) 
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Single & multiple pulse model f:'~~ 


LP625-44 s-process abundance distribution (J):jij.!jl 
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A method to deduce a direct capture reaction rate 
from a corresponding transfer reaction 
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Cross sections of direct radiative capture reactions are important to reveal the paths of the 
nucleosynthesis. It is difficult, however, to measure them directly because they become very small 
at astrophysical energies. Recently a peripheral proton transfer reaction has been proposed as an 
experimental tool to extract cross sections of a radiative proton capture reaction at astrophysical 
energies [1]. This method requires that both a radiative capture process and a corresponding 
transfer process should occur mainly outside the target nucleus. In such case, both cross sections 
depend mainly on the amplitude of tail of the overlap wave functiom between A+l (Z+1) and 
AZ+p. The amplitude is called Asymptotic Normalization Coefficient (ANC). In the case of a 
radiative proton capture reaction, this method had been certified in 160(p, ,p7F reaction [2]. In 
order to extend the validity of this method, we applied this method to a neutron radiative capture 
reaction, 12C(n"p3C*(1/2+). This reaction is one of the candidates which can be applied this 
method, because this neutron capture process was found to take place mainly outside the nucleus 
at astrophysical energies [3]. We have deduced the (n,,) cross sections with the ANC values 
which were determined from the measurement of the corresponding neutron transfer reaction, 
12C(d,p)13C*(1/2+). 

We performed the experiment on the (d,p) reactions with a 11.8 MeV deuteron beam at 
SF-cyclotron facility of Center for Nuclear Study. To satisfy the peripherality of the transfer 
process, the differential cross sections were measured at angles down to a very forward angles of 
2.0 degrees in laboratory frame. From the measured differential cross sections, the ANC value 
have been determined to be 3.65 ± 0.34 (statistical error) ± 0.35 (systematic error) fm-l. We 
found that the (n,,) cross sections deduced from the present ANC value are in good agreement 
with those determined in the direct measurement [4] within the errors. 
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Experirnental nlethods for nuclear astroph)rsics research 

Tohrn 1\rlotobayashi, Rikkyo Vniversity 

Astrophysical reactions involving unstable nuclei 

Short-lived nuclei play essential roles in "explosive" stellar nuclear burning, where the temper
ature and density are so high that capture reactions on unstable nuclei can be faster than their 
weak decays. However, to study directly these capture reactions in laboratories is very difficult, 
because these nuclei can hardly be served as targets. One of the solu tion is to em ploy lovv'-energy 
radioactive beams, and to perform experiments in inverse kinematics. The first measurement 
was for the 13N(p,,)140 reaction, a key of the hot CNO cycle. In the experiment performed 
at Louvain la Neuve [1], a 0.6 A MeV 13N beam bombarded a (CH2)n target, and emitted, 
ray was measured by Ge detectors. As indicated in Table 1, 8.5 , ray events were measured 
in 30 hour with 3 x 108 S-1 intensity. It should be noted, however, that the observed yield is 
for the process through the strong 1- resonance at 5.17 rvIeV excitation energy, and hence the 
cross section of around 100 J.lb is very large among the (p,,) reactions of astrophysical interest. 
Therefore, other reactions with smaller cross sections are very hard to study directly, especially 
for radiative capture processes. The process with strong interaction, such as (p,O') and (p,n) 
reactions, may be studied due to their large cross sections. Such an example is the 8Li(Q',n)1l B 
reaction studied at RIKEN [2] and Notre Dame University [3]. 

Table 1: Comparison of the Coulomb dissociation (CD) and direct capture (DC) measurements 
for the 13N (p,,) 140 reaction. 

Coulom b dissociation a direct captureb ratio: CDIDe 
Projectile 140 13N 

Beam energy 87.5 AMeV 0.6 ANleV 
Beam intensity 3x 104 s-1 3x 108 s-1 
Target material 208Pb (CH2)n 
Target thickness 350 mglcm2 180 J.lgicm2 65 
Cross-section 10 mb lOOltb 102 

Efficiency 0.5 2x10-3 3.50 
Data 36 h 30h 1.2 

a 208Pb( 140,13N p)208Pb at RIKEN [4] 
b IHe3N,,)140 at Louvain la Neuve [1] 

Coulomb dissociation 

Various indirect methods have been proposed to study these hard-to-measure reactions of as
trophysical interest. One of the promising method is the Coulomb dissociation. It has been 
applied to several (p,,) reactions of astrophysical interest, such as the 140 [4, 5] and 8B [6, 7] 
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9issociati;H1 for studying the 1:3N (p,"'r) 140 reaction and the solar nell trino production reaction 
I Be(p;-y)8B, respectively. The Coulomb dissociation and its corresponding direct capture are 
related through the virtual photon intensity calculated by an appropriate model. An advantage 
of the method is expected large yield due to the large cross section and possibility to use thi(~k 
targets. As demonstrated in Table L the experimental yield of the Coulomb dissociation is much 
larger, and hence it opens up a possibiHty to study weaker processes. 

Further applications of the method have been made for some reactions in the hot pp mode 
burning: 8B(p,,)9C [8], llB(p,,) 12N [9, 10], and 12N(p,"'r)130 [10J. High-precision tests of the 
Coulomb dissociation method is in progress for the 12C(p.,i)13N and 14N(p,"'r )140 reactions at 
RIKEN [11J. 

The Coulomb dissociation method assumes a one-step electromagnetic excitation mechanism. 
Possible higher-order processes become im portant at low incident energies. For exampie, N nnes 
and Thompson [12J and Esbensen and Bertsch [13J calculated very large multi-step excitation 
components in the 8B dissociation data taken at Notre Dame University with 3.2 A1-1eV beam 
energy [14]. Another disadvantage of low-energy experiments is their thinner targets that require 
higher beam intensities. Therefore, the Coulomb dissociation might not match to the CRIB 
facility as far as for extracting astrophysical capture cross sections. 

3 "ANC" deterlllination 

Recently, the "ANC" method is proposed for extracting the cross section of the radiative capture 
through continuum states [1.5]. The Asymptotic Normalization Coefficient (ANC) is a normal
ization factor for the tail part of a single particle wave function. Since the low-energy radiative 
capture is only sensitive to the wave function at distances far from the nuclear radius, the ANC 
can be related to the capture cross section with a good accuracy. The ANC method employs a 
particle transfer reaction to determine the coefficient. The validity of the method was success
fully tested for the reactions of 160(p,,)17F [16] and 12C(n,,)13C [17] by the eHe,d) reaction 
and (d,p) reactions, respectively, at 6-10 .4J\1eV incident energies. Experiments with RI beams 
have already started by 2H(Be,8B)n at Beijing [18] and RIKEN [19], and (7Be,8B) on lOB and 
14 N at Texas A&I\Il [20]. The method is being applied also to the 8B(p",)9C and llC(p",) 12 N at 
RIKEN [19J and Texas A&1-f [21], respectively. The suitable incident energy is around 10 .4~IeY. 
and it matches the CRIB facility. The angle-integrated cross section is usually relatively large, 
i.e. in the order of 1 mb. Further studies may be necessary to verify the method in connection 
with well-discussed mechanism of (d,p) type reactions at low energies. 

4 Resonance spectroscopy 

4.1 REACTION RATES AND RESONANCE PARAMETERS 

When the astrophysical reaction of interest is dominated by a process through a resonant state, 
its parameters are essential to determine the astrophysical reaction rate P12 defined as, 

(1) 

where ((Jv) is the convolution of the I\Ilaxwell-Boltzmann distribution and energy-dependent 
cross section, and nl n2 are the density of "I" and "2", the particles in the incident channel of 
the relevant reaction. For an isolated resonance with the resonance energy Eo. the total widt It 
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r tot, and the partia.! \vidth of the incident and tina.! channels ri and f'f' the cross section IS 

written by the Breit- 'Vigner formula, 

(2)a(E) 2 
'irA W (E 

where w denotes the spin factor [(2jf1 + 1) (2jf2 + 1)]/[(2jil + 1) (2jj2 + 1)]. If the width is narrow 
compaTed with the energy dependence of the Boltzmann distribution and rf « rj ~ rt.ot, , the 
reaction rate is cakulated approximately to be proportional to rf. The latter condition is usually 
satisfied for (p,,)') reactions, and therefore the determination of the electromagnetic width 1\ is 
enough to evaluate the astrophysical reaction rate. The study of the 140 Coulomb dissociation 
discussed in sect. 2 determines f I of the first 1- state in 140, since the hot CNO cycle burning is 
dominated by this resonance. However, there exist many cases where the direct determination 
of ff is difficult or even impossible. For these cases, the independent determination of both 
the total width f tot. and the branching ratio rf If' tot can deduce the width of interest as their 

product. 

4.2 TOTAL WIDTH 

A good method to determine the resonance width of unstable nuclei has been proposed recently. 
An example is for the p+13N system studied at Louvain la Neuve [22]. A luw-energy 13N 
beam bombarded a polyethylene target, and the proton recoiled from the elastic scattering was 
detected. The incident energy and target thickness were adjusted so that the energies of 13N 
before and after punching through the target were respectively above and below the resonance. 
Since the energy of the recoil proton was close to the energy when the elastic scattering took 
place in the target due to its small energy loss in the target, the measured proton energy
spectrum affected the excitation function of the elastic scattering. Therefore, by analyzing the 
shape of the spectrum, the resonance energy Eo and the total width f t,ot were extracted with 
good accuracies, almost independent of the energy spread of the incident beam. Therefore, this 
is an useful method for RI beam experiments not only for the determination of f tot but for 
the precise measurement of which is quite important because of the high sensitivity of the 
reaction rate to the location of the resonance. 

Due to the above advantages together with its expected large cross section, this method is 
suitable for studies using the CRIB system, as pointed out by Teranishi [23]. 

4.3 BRANCHING RATIO 

The branching ratio can be extracted by measuring the production yield of the resonance of 
interest and the intensity of the decay. To determine the partial width of interest by coupling 
it with the total width, the branching ratio for the weaker decay should be measured. 

Attempts to apply this method to the 1- state in 140 have been made in connection with 
the 13N(p,,)140 reaction. The 12CeHe,n) [24J or 14N(p~n) [2.5J reaction was used to populate 
the state of interest, and its "/ decay was measured in coincidence with the outgoing particle. 
The coincidence probability can be related to the branching ratio. However, only results with 
large ambiguities could be obtained due to the small branching ratio of the order of 10-4 and 
the experimental background for the, ray measurement. 

Another example is for the 150(a,,)19Ne reaction, the most important reaction for the break
out from the hot CNO to rp process hydrogen-burning. The key state is located .504 keY above 
the a decay threshold in 19 Ne. In contra.st to usual ra.diative capture processes, the a decay 
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Figure 1: Low-energy behavior of a (p,,) reaction of astrophysical interest. Various methods of 
studies are indicated. 
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r o/r

width r a is much smaller than the ,-width, due to the large Coulomb barrier effect and the 
nuclear structure of the state which has only a small overlap with the 0'+150 configuration. 
Magnus et ai. [26J used the 19FeHe,t) reaction to excite the :3/2+ state of interest, and its a 
decay was measured in coincidence with the outgoing triton to determine the branching ratio 

tot . However the a decay branch could be obtained only for higher states. This is due to 
the low decay energy that suffers the 0' particle measurement, together with the low branching 
ratio of the order of 10-4 • Another measurement at CNS SF cyclotron could not either extract 
a finite number for the 0' branching ratio of the 3/2+ state [27]. 

A possible idea to overcome the difficulty mentioned above might be to employ the inverse 
kinematics, where the resonance in 19Ne is produced in the moving frame. The decaying 0' par
ticle has a high velocity similar to that of the beam, and hence is detected without experimental 
problem. The experiment requires simultaneous detection of both decaying 0' and residual 150. 
This might be possible by the DUMAS system of CRIB by some sophistication for the detector 
system. 

4.4 SUBTHRESHOLD STATES 

The high-energy tail of a subthreshold state can affect the behavior of low-energy capture cross 
sections. The 12C(0',,) 160 reaction, which is discussed by Morinobu [28], is a well-known case. 
The astrophysical S factor is expected to rise toward zero energy, affected by the 1- state located 
45 keY below the threshold. The effect of the tail can be evaluated essentially from the, width 
and the spectroscopic factor of the state [29J. 

We made an experiment to determine r'Y of the 3/2+ state in 150 to study the influence of this 
subthreshold state to the low-energy cross sections of the CNO-cycle reaction 14N(p,,) 150 [:30]. 
An RI beam of 150 at 85 AMeV bombarded a thick (1.5 g/cm2 ) lead target, and, rays from 
the 3/2+ state, which was populated by the Coulomb excitation mechanism, were measured. In 
almost the same procedure as for the Coulomb dissociation, the, width can be extracted from 
the measured Coulomb excitation cross section. The analysis is in progress. It should be noted 
that the spectroscopic factor of the state is known with a certain accuracy from proton-transfer 
reaction studies and also from the 14N(p,,)150*(3/2+) measurement [31J. 

Since the Coulomb excitation is applicable at lower incident energy, CRIB-based RI beams 
can be used for such studies, though the disadvantage of necessity to use thinner targets should 
be overcome. 

5 Summary 

Figure 1 shows an overview of the experimental methods to study various aspects of a reactions 
of astrophysical interest. These methods have their own advantages and limitations as discussed 
in this report. Among them, the ANC method, resonance scattering and determination of 
branching ratios might be well suited for studies with RI beams with 5-15 AMeV energies. 
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KEK-JAERI RNB facility 

H. Miyatake, lPNS, KEK 

24/Aug./OO 

Abstract 

The RNB facility at KEK-Tanashi was closed in September 1999 and all of the instru
ments, which are ion-source systems, isotope separator on-line (ISOL), split-coaxial radio
frequency (SCRFQ), inter-digital H-type (IH) linac, and measuring devices, have been ten
tatively stored at KEK. For the swift resumption of the research activities relating to this 
facility, these instruments will be transferred to the Tandem facility of JAERI based on the 
recommendation of the third-party review committee for the Joint Project. We, KEK and 
JAERI people, thus will jointly construct a new RNB facility in coming three years. 

This facility will consist of the 18MV Tandem accelerator, ISOL, charge-breeding electron 
cyclotron resonance ion-source (ECRIS), SCRFQ-linac, two IH-linacs (IH1 and IH2), three 
Bunchers and superconducting (SC) linac, in which Bunchers, IH2-linac and the charge
breeding ECRIS will be newly constructed and only the slight modification of rf-frequencies 
for the existing SCRFQ- and IH1-linacs is required to match the rf-frequency of the SC-linac. 

Radioactive nuclei are produced by the nuclear fusion, transfer, and induced fission pro
cesses with using proton and heavy-ion beams from the Tandem accelerator. The mass
separated ions of exotic nuclei having with A/qj7 can be accelerated by the linac complex 
up to 5 MeV lu to utilize for research fields in nuclear physics, nuclear chemistry, nuclear 
astrophysics, and material science. It is noted that the high quality RNB with its energy of 
5 MeVlu, which is above the Coulomb barrier for the almost target species, will be available 
in 2005. 

The intense stable-nuclear beams will be also available from the linac complex. These 
beams can be provided to the experimental halls in parallel with the Tandem beam with 
the help of the ECRIS for the SCRFQ-linac. Hence this facility will supply an additional 
machine time for the existing research activities. 
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Main Specifications of the Linac Complex 


SC-RFQ IHI 

Frequency(MHz) 25.5 51 

Charge-to-MassRatio( qlA) ~1I30 ~1II0 

Input Energy(keV/u) 2 172 

Output Energy(Me V lu) 0.134-0.172 .172-1.053 

Normalized Emittance 0.61tmm·mr 

Energy Spread(%) 

Duty Factor( % ) 

Repetition Rate (Hz) 

Transmission Efficiency( %) 

Total Length(m) 

100% for 

1.03 

qlA~1116, 

-95 

8.6 

270x(qlA)2X1 00

D-I000 

~2.80 

% for qlA~1130 

-95 

5.6 

~~C1)~*(19Ne2+-beam r::. J:: Q) 
--

1997 Mar. 1998 Dec. Louvain-la-Neuve comment 

Primary beam 30 MeV, 2 JlA 30 MeV, 150 JlA Proton Beam 

Production Yield(LiF) O.32xl0-3 0.7xl0-3 C-powder, Cu-wall 

Ionization Eff.(%) -17 27(20) 10 for 19Ne2+, 60%(tot.) 

Extraction Eff.(%) (-30) 30 25 

Bunching Eff.(%) 20 60 - duty=30%@ 100Hz 

Transp. Eff.(%) 3.0 72(54) - 20->90%(ISOL) 

14->80%(BTL) 

Acc. Eff.(%) 80 85 2 Beam Stabilization 

HEBT Transp. Eff.(%) 80 90 - Optics Change 

Overall Eff.( %) .02 2.5(1.4) .05 

2ndary Beam(pps/JlA) 4xl05 5x10? 2.2x106 
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RNB-list**(1999 Sep.) 


Elements(half-life) Intensity@ISOL exit TargetIPrimary beam 

(ppsl)lA) /Ion Source 

19Ne2+(17.2 s) 2xl08 LiF/proton 30 MeV IECR 

18Ne2+(1.67 s) lxl06 LiF/proton 40 Me V IECR 

38Kl+(7.61 m) 3xl08 CaF2J3He 70 MeV/Surface(Re) 

37Kl+(1.23 s) lxl07 CaF2J3He 70 MeV/Surface(Re) 

2INa1+(22.5 s) 2xl06 CaF/3He 70 Me V ISurface(Re*) 

2oNa1+(0.45 s) lxlOs CaF/3He 70 MeV/Surface(Re*) 

*Na-beam [:::>~ '""((;t .. off-line••o)~.:lonizer'!:Re-foil1J·H;lr-foilr:"t.Q ~ C. 
~ .. 5!i~1Jf~2.Sm(:t~.Q t>O)c.:2fft &t1,.Qo 
**8Li-beam(:::> ~ '""((;t.. 1:::' - ArmJ!~J:.~'f1lJio 

~i*~~.(1998 Jul. to 1999 Sep.) 


Thema Reaction Required status 
type Intensity(pps) 

HCNO,rp-proccess 19Ne(p, y)20Na >lxl08 Beam intensity: OK 

19F contamination problem 
Detector Development 

HCNO,rp-proccess 18Ne(p,p') -103 4 Beam intensity: OK 
Contamination: OK 
Detector problem 

Primodial Nuc1eo 8Li(a., n)llB -103 Beam development 
Synthesis Detector: OK 
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Some parameters of the proposed facility 


Primary Beam 

Production Target 

ISOL 

SCRFQ 

IH1 

IH2 

S.c. Limc 

energy, in1ensity 

mass resolving power 

injection energy to SCRFQ 

frequency, output energy 

frequency, output energy 

frequency, output energy 

frequency, output energy 

36Me V prdon, 3f.lA, HI (18MV) 

2000 


2 keV Inucleon 


26 MHz*, 134-172 keV/u (A/cp30) 


52MHz*, 0.17-1.05 MeVu (Alq::;10) 


132 MHz, 1.05-2 MeV/u (Alq ::; 7) 


132 MHz, 5 MeV/u (A/q::; 7) 


* The frequencies of SCRFQ and IHllinacs are modefied to match one of SC linac from 25.5 MHz and 
51 MHz, respectively. 
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1)~i*~&J;(;O)jJf~(19Ne, 20,21Na, neutron-rich nuclei(N=50,82)) 
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2) 'fI~.:rif!"JtJ: 'fI · .~M:ta~(J)'~.~.. ~&};tIU' (78Ni, 132Sn, 134-145CS, .. ) 

· ? - Cl /m1Jgr:.J::~mtT~(J)*~1f~M~"BA 

· v -"!f-7tft.. ~1tti:2iL r:. J:: ~ raJilli* Y7 t-.. ~*~liU:€ 
·if!~'fI1tT~J::~M~&};t(J)~~ii~(J)"~ 

· ~.:ra~_~§&JtI:.J::~ 'fI1t.:r~jlJ_ 1::' - b(J)-m*ft 

3)!f.1J.J.~~tctCO)jJf~(8LI, 140CS, 91Rb, ll1Ag, 153Nd) 

· mJj:tp~rr-;i6hr:'J::~~.(J)pq~fI .. *SA_iii.. ~tJtti:JJta 

·~1t~*.~.~ .. m~~••~~c(J)~.~H~ 

· ~*'l!Il:f:*'l!~7t.(J)~1-;i6h (i~.il(fJ) 


· ~W811;lInE (Mct-t.~W) 


4)mr:J7/bilJm7?::r/..{ ~::rc.0)~{t.~ .. ~~JI 

(stable 0, F, Ne, Kr, Xe-beam) ·@~;f.~~. r:.J:: ~1t.~tf.J*ltJ"m(J)~.~iJf~ 

·m.ft.(J).T~.iii .. ~~~~(J)iJf~ 

· *~.Jj]jt_••7t'-'TH(J)ilFFJ 
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70 Production Rate;/(
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R-process waiting nucleio)~t.J'j't 


o known elements (K. L. K ...ez et al.) 
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eandidate ror RNB (_11)5-6 pps) 
Example in the Sn measurement 
0'-1-100 rob, E(81 0 a)>4MeV/ud(81Ga, 80Zn)3He 


d(81Ga, 79Zn)4He Nb-105-6pps, 40-400 events/h 


Charge Breeding ECR 

Possible Time Sequence of the Charge Breeding 
Ion Guldeltransfer Tube 

MINIMAFIOS (10 GHz) ECRISI;:ctg
1+ lIS 	 ECR 

1 + ->n+ breeding efficiencyVoltage [31_______)( ) EJ / / 
Vext1 - -~ '-----" ~	Bunching 


Electrode
... L..er Ionization 

1 + Ion Cloud Transportation 

Injection to the Second US & Bunching
_VoU _-_-_~ ________ .__  Table 1: 1+-+n+ .breeding efficiencies for various ele

Velt 2 1.. .........- ments. 


DC-breeding/Bunching Breeding 
Extraction & Aceel.atlon the q+-Ion ECR confinement time: 520 ms for Rb15+ 

Charge states equibration time: -20 ms . N. Chauvin et al.,Proc. 14th ECRIS99('99)l51. 

Element 1.: 
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Production of low energy radioactive nuclear beam and 

measurement of the (a, n) reaction for astrophysical interest 


at JAERI tandem facility 

T.Hashimoto, Science University of Tokyo 

24/Aug/OO 

Abstract 

We plan the experiments to measure the (a, n) reactions using Radioactive Nuclear Beam
s(RNB) for astrophysical interest. RNB produced by transfer reactions should be separated 
with stable nuclear beam using JAERI Recoil Mass Separator(RMS). MSTPC and neutron 
counters are main components of measurement system. This experimental data set will use 
for estimation of element abundance in astrophysical neucleosynthesis. 

So far,r-process seed nuclei are produced mainly by a-capture reaction near the ,a-stable 
line. The r-process starts from those seed nuclei. Therefore, only limited number of the light 
nuclei near the stability line ware selected. However, light neutron-rich nuclei are important 
in the r-process neucleosynthesis. But those cross section of light neutron-rich nuclei are 
not determined by direct measurements, because it is generally difficult to obtain sufficiently 
intense and low-energy RNB owing to their short lives. We are particularly interested in the 
(a, n) reactions involving neutron-rich unstable nuclei. At first, we plan the experiment to 
measure 8Li(a, n)ll B reaction at JAREI tandem facility. 

The 8Li beam produced by 9Be(1Li,8Li) reaction. This beam with E/A=lrv2MeV/u, 
dE/Erv3% and I=7x 104pps estimated for E=17MeV and 300pnA 7Li beam. The main 
component of contamination in the beam is 7Li, which is separated using JRERI-RMS. In 
comparison the RNB beam line at University of Notre Dame, JAERI-RMS obtained a high 
purity RNB. Because, the Notre Dame beamline is only momentum selection, compared 
with JAERI-RMS is momentum and energy selection. Beam suppression factor of 7Li beam 
at JAERI-RMS should be estimated 1.0x 10- 11 for experiment using 14N. Therefore, 7Li/8Li 
ratio is 1 %. 

The 8Li will be injected into the MSTPC (Multiple-sampling and tracking proportional 
chamber).The MSTPC will be filled with helium gas with a little admixture of methane gas 
for the reaction measurement. The filled gas works as a detector gas and serves a target, 
therefore the detection efficiency achieves almost 100%. The MSTPC can measure stopping 
power (dE / dx) along with a charged-particle trajectory and has an ability of a TPC (Time
projection chamber), then the event-selection ability is very high. In the JAERI experiment, 
the estimated 8Li beam intensity is 1.4x 104 pps. Due to the space charge limit of the gas 
counter is difficult to perform over 104 cps. In order to accept such a high intensity beam, 
the present MSTPC will be installed with a gating-grid system which works as a shutter to 
control drifting electrons in the field cage and charge multiplication by an anode wire. 

Neutron counters is installed surrounding the MSTPC for an exclusive measurement in 
order to obtain precious reaction data such as the angular distribution and the individual 
cross sections of the individual final states. The solid angle covered by neutron counter is 
31.4% of 47r and averaged intrinsic detection efficiency for a neutron energy region around 
10:NleV is about 31.8%, which was estimated by Monte-Carlo simulation. The yeild estima
tion of the reaction is 40events/bin/day. 
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Direct-Exclusive Meas'urement of ( at ,n) reaction 

Veto counter 
Plastic scintillator) 

Detector 

MSTPC & Neutron counter 

~~~~~~ 

Start counter MSTPC 
(PPAC) He gas 

Energy region 

Neutron counter Ecm,...."O.5MeV 

Multiple Sampling and Tracking Proportional Chamber 
~MSTPC,,-, 

I 
Y.Mizoi et al. NIMA432, 112(1999) 

MUSIC: Multiple-Sampling Ionization Chamber 
MSTPC 

TPC : Time-Projection Chamber 

beam 

000 
o 

000 0 

HV 

\ 
-ADC 

pad 
x 

Reaction point 
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Gating grid P.Nemethy et.al NIM2l2(1983)273-280 

I > 104ppS--+~ ra' tlt1iij (J) ~~D tJ\ r; 5.1IJ)E ~. 

--+reaction tJ~~;:: '? t=. l:~ (J) 3-J.jjA±.~;~ tJ\ It~~AT .L.. 

I I 

Open gate Close gate 

Pulser output signal 

Shielding 
~ grid -

'ii 
 Close gate Open gate -..!:C~~_ 

.~ V+I:::.VG 
.£ 
8
f: V·i 

'"0 ·c 
co 


~ V -I:::. VG 1-------1 


~ time 

Neutron counter set up 


1000mm 


12S0mm 

lS00 x ISO x SO[mm] 7* x 2 

lS00XSOXSO[mm] 4*X2 

1000 x ISO x SO[mm] 6* 

~m{, '-Cflight path 90cm~~? 

D 
MSTPC ~AA.1L1*~: 31.40/0 of 4 TC 

He+CH4(S% or10%) gas Energy resolution: 16%(FWHM) 

100"'" 200torr 
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neutron counter absolute efficiency 


o 2 3 4 5 6 7 8 9 10 
Neutron energy [MeV) 

Low Energy RN beam production 

JAERI Recoil Mass Separator 
MD 

~----SO--~EDt .... \.1----, /' : 2S~ r.---- " 
: \. 

QIQ~ detector
beam.[]~~~~~~==~~ 

target 
o 1m 
~ 

Required 8Li beam 


1.intensity -104-1 05ppS 


2.Energy 1-2MeV/u 


3 . Energy resolution <3%(FWHM) 

9Be(7Li,8Li) reaction 	 --entrance 
--exit7Li beam energy = 17Me V 

elastic 

9Be target t=12.7 /.1 m(2.3mglcm2) 


lab angle [deg] 
8Li expected yield = 7 x 104pps /300pnA 7Li 
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Nortre Dome set up 

c?<~I.8. :t~~tor 
beam _:: - Ll cp
.~ ~---: 7Li~ . block 

target second1"><.1 
solenoid target 

Set A/q=8/3 E=14MeV, 

RMSo)~,,(o)ED, MD1:energy acceptance~+ 12%t9{,~ 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 E[MeV] 

P ~ ~ ~ JAERIRMS 
d ~++ ,. Energy window 

q=21 .. ..'He 

·1 .. .. .~ 
q=1+ Ep ... ..r 

6He Bp ... .. .. ~ q=1+ 

7LP+, E=14MeV (exit of target)cliiJ t.:, 
Alq, E/A~~"J14N6+, 28MeV1:suppression factorO).yS.:l.v-.y3:/~~ 

rg].lz:1*~, rg]~1.ff-C:(1)7LicI4NC1)7-if7;t-f-!'~!LC1)tt~ (target: Fe) 
. . 

a (14N)/ a (7Li)=1.67 


14N0)charge state: 1 + .....7+ 


7LiO)charge state: 1 +.-3+ 


J:.13I(;t~Ql;t,;n, factor'i1.ff-c:(;tlELL \c7ll~n~o 
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CD: beam halo (Energy: 28Me V) 

(2):~!~0)~W(14N5+ Energy:23.IMeV) 

Energy spectrum 

eRMS=O.Oo 

Target: blank 

RMS optics 8/3+ 

E=28MeV 

Beam suppression 

4.0 X 10-9 

@: f~r::'MJ!O)t~L 'back groundo Charge changing collision ~ 

------...,.----,------~----, 

• 
. . ··.····r " .: ...... j .• 

• 
10-8 ...uj' 

IO-~·L.,.,..............).O...............O...L..5...............L..............o,-ll................+2...............~~~ 
 Estimation 
theta[deg] 

Rutherford scattering~f&~ 
MD Effective thickness 8.1 fl. m(14N Y2 range) 

~or beamO) 1/1 o7'J{1Ijg:g 


ED0)energy window ~Jj: 


ED=¥-v';J-;jpg r::A ':)t='.='6(f) r~~L imi&! 

.. Cup ~m 

ED2 .~ 
Beam suppression =1.9 x 10-5 
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7Li beaml::'~T .QtilEsuppression factor 

aRMS slit 8Li yield 

[pps] 

Beam 
suppreSSIon 

7Li yield 

[pps] 

0° XR=1.0° 

Y=+1.9° 

XL=-7.5° 3.3 x 104 . 4.5 X 10-8 8.4 X 104 

4° XR=1.0° 

Y=+3.0° 

XL=-2.0° 1.4 x 104 1.0 X 10-11 1.0 X 102 

Summary

I Neutron counter' 


~~.lr1*1q31.4% 


Energy resolution 16%(n3,n4*1:~i9M£'EJ1tE) 


Absolute efficiency>10% 


MSTPC 


Gating gridO).A1:>104ppsO)beaml::MJ;t;'EJ'ItE 


Pure beam 


Beam suppression < 10-11 


IBeam intensity I 

'""-' 1 04pps/300pnA 7Li 


IYield estimation' 


cross section -100mb 


J} 

40events/binl day 
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Design conception and ion-optical properties of DUMAS 

T. Noro, RCNP Osaka 

Sep. 30, 2000 

The dual magnetic spectrograph DUMAS, the former name of CLIB, was constructed at 
RCNP as a spin transfer spectrograph which is dedicated to double scattering experiments. 
Before the construction of DUMAS, major activities on polarization physics with the AVF
cyclotron facilities at RCNP had been made by using high-purity Ge-detectors. DUMAS was 
designed so as to extend such activities to spin-transfer measurements with similar level of data 
quality as those by using the Ge-detectors. 

The design goal was set to be moderate energy resolution of 10-3 , wide momentum range 
of ±10% and large acceptance angle of 10 mr. In addition to those, an achromatic focus point 
with spot size of 1 cm was required for placing the second target of a polarimeter system. 

Those requirements are mostly achieved in actual design in limited meaning. Namely, each 
requirement is mostly achieved only when other requirements are limited. The specifications 
quoted in some reports1),2) are values when all the requirements are satisfied at the same time 
and significantly lower than the requirement values. Therefore, for specific purposes, DUMAS 
may be used with better specifications than quoted there. 

In order to realize to join two spectrograph in tandem for preparing two focus, a dispersive 
focal line and an achromatic focus point, ion-optics of DUMAS is rather complicated especially 
in higher order aberration. In the talk, this ion-optics as well as achieved specifications were 
presented. 

Some of specifications are summarized in the following. 

• Acceptance: 	 maximum 9.9 mr for narrow p region 

2::9.0 mr for (83em ::; p ::; 97em) 


• 	 Momentum resolution: 6x10-4 for (90em ::; p::; 97em) 

::; 2 X 10-3 for (84em ::; p ::; 102em) 


• 	 Maximum vertical target-size: 1 mm for (81em ::; p ::; 103em) 

4 mm for (p ::; 95em) 


• Maximum deviation of flight path: 2 cm (calculated value) 

l)T. Noro et al. 	 RCNP Annual Report 1983 p.173. 

2)T. Noro et al. 	Proc. 6th Int. Sympo. on Pol. Phenom. in Nucl. Phys. (1985, Osaka) p.470. 
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The Fragment Separator at RCNP 

T. Shimoda, Dept. Phys., Osaka Univ. 

25/Nov/OO 

Abstract 

The basic idea of fragment separators for use with high energy heavy-ion beams is discussed. 
We developed a method to treat the effect of the energy degrader as one of the ion-optical elements. 
This allows flexible design of the system which copes with a wide variety of beam requirements. 
Specifically at the RCNP fragment separator, a homogenously thick degrader is used and achromatic 
focus is achieved by the optics of the magnetic system. The practical performance is discussed. 

Similarly to the projectile fragment separators in the world, the separator at RCNP is a two-stage 
magnetic analyzer and uses particle energy-loss in a solid material placed at the midpoint to achieve 
isotopic separation for the projectile fragments. However, it specifically employs a homogeneously 
thick energy degrader to allow a simple operation in the practical use. By explicitly treating the 
ion-optical transfer matrix of the degrader, the RCNP separator was designed so as to possess such 
high ion-optical flexibility that allows the use of degraders of widely ranged thickness and control 
of the image size as well as image location for the fragments [1]. 

For commissioning the separator, a detailed experimental analysis of the optics was carried out 
to realize the design performance. The focusing properties were studied without using an actual 
degrader, in order to avoid the possible ambiguities to be caused by energy-loss straggling and 
multiple scattering of the particles. Following the optical analysis, a prescription was established 
to correctly determine the strengths of the focusing devices according to the transfer matrix ele
ment (616)d of the degrader. This procedure further provided a means to relate the practical field 
strengths to the optics calculation. 

The practical performance of the separator was just as designed [2]: It was confirmed that 
the achromatic focus was satisfactorily achieved with reasonably small aberrations. The observed 
image widths were explained by the third order optics calculation together with the effects due 
to energy-loss straggling and multiple scattering of the fragments in the degrader. The isotopic 
resolving power was measured for various combinations of the fragment energies and the degrader 
thicknesses. It was experimentally confirmed that the resolving power is principally governed by 
(818)dl irrespective of the fragment energy and the physical thickness of the degrader. 

The effects of energy-loss straggling and multiple scattering were present as expected in the 
image profiles of the fragments and in the transmission efficiency of the separator. It was shown 
that for the RCNP separator tuning to keep the image magnification fixed, the image broadening 
due to straggling was nearly constant against the change of the degrader thickness. The transmission 
efficiency of the system was found to decrease with increasing degrader thickness. The efficiency 
variation was interpreted in terms of the effect of multiple scattering to cause a growth in the 
transverse plane beam envelope in the second dipole magnet. 

The RCNP separator has so far been used in the experiments to implant radioactive nuclei 
into superfluid helium and to measure energy and angular distributions and polarizations of the 
fragments. All these have been greatly benefited by the easy tuning method as established above. 
For example, the implantation of radioactive nuclei has required examination of isotopic resolution 
for different degraders as well as changes of the image location keeping small image size, and in 
the measurements of energy spectra, there has been a need for very frequent changes of the field 
settings of the system corresponding to different (818)d values. The requirements have been met, 
without any additional examination, by using the results of the above optical study together with, 
when necessary, the optics calculation. 

Reference 
[1] T. Shimoda, H. Miyatake and S. Morinobu, NucL Instrum. Meth. B70, 320 (1992). 
[2] S. Mitsuoka et al., NucL Instrum. Meth. A372, 489 (1996). 
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lvleasuren1ent of j3-unstable 12B rnobility in superfluid heliulll 

Suguru Shirnizu 

Department of Physics~ Graduate School of Science, Osaka University 


Abstract 

"'e report on the first observation of an impurity motion in superfluid helium by using 
a high energy p-unstable 12B beam. A mobility of 12B+ was successfully obtained as a 
function of a helium temperature from a time-space correlation spectrum which was yielded 
by detecting the emitted /3-ray and decay time. This method is much more sensitive to the 
ion motion than those based on current measurement so far. It was found that the mobility 
of 12B+ was remarkably lower than that of other ion spices. 

It has known so far that a positive ion in liquid helium attracts the neighboring neutral atoms 
sufficiently to generate a high-density cluster around ion (snowball). One important consequence 
of this picture is that the ion drags a large number of surrounding helium atoms and therefore 
has a very large effective mass [1]. An experimental evidence of the snowball was first presented 
by the mobility measurement of He+ iC?n [2]. Later experiments have disclosed the snowball 
radius and the effective mass to be rv 6A and rv45 helium atomic mass, respectively. However, 
recent measurement revealed that the mobilities of alkaline ions and alkaline earth ions are lower 
and higher than that of He. ion, respectively, contrary to the lnodel prediction. It is needless 
to say that further experiments with wide variety of ion species are necessary to investigate the 
detail structure of the helium cluster. 

NIotivated by this physics issue, we have developed a new experimental technique to study 
the behavior of impurities by using radioactive nuclear beam (RNB). The RNB was implanted 
into superftuid helium and the individual motion of the beam ions was recognized by measuring 
the emitted /3-ray track and decay time with a position sensitive detector. Here we present the 
first experiment using the RNB, in which the mobility of radioactive 12B (7=30 ms) ion was 
successfully observed as a function of a helium temperature. 

The experiment was performed at the Research Center for Nuclear Physics (RCNP), Osaka 
University. Fig.1 shows a schematic cross sectional side vimv of an experimental apparatus. 
The implanted 12B came to rest by losing its kinetic energy. During the stopping process, two 
categories of 12B were simultaneously generated. One was a singly charged ion with a large 
number of the helium cluster and the other was a neutralized atom. The ions could be extracted 
with an associated mobility by a static electric field applied along the beam direction, \vhile the 
neutralized atom remained at rest. The motion of the implanted 12B was successfully observed 
in the time-space correlation spectrum, as shown in Fig.2. The measurement was carried out in 
the temperature range of 1.1-1.5 K at the s.v.p. Since the lifetime of 12B was comparable with 
an ion transit time, a part of 12B+ decayed during the transportation, and thus, a trajectory of 
the ions became a diagonal locus, as seen in Fig.2. A slope of the diagonal locus corresponded to 
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the inverse velocity of ions, and the mobility was thus derived from the ratio of the ion velocity 
and the applied electric field. 

Fig.3 shows the observed 12B mobility (closed circle) distribution as a function of inverse 
of the helium temperature. The mobility of alkaline (K; Rb, Cs) and alkaline earth (Ca, Sr, 
Ba) ions obtained in the previous experiment are also shown in the figure as open syrnbols. 
The figure shows obvious discrepancy between the 12B+ mobility and others. Along the simple 
kinetic theory of an ion-roton scattering interaction, the mobility (if,) is written in terms of the 
effective mass of the helium cluster (.Ai) and an average ion-roton cross section (O'ir) as, 

where ~ and T are the roton energy gap and helium temperature, respectively. In this descrip
tion, the mobility is inversely proportional to O'irAi which should be relevant to the structure of 
the helium cluster, while exp(~/kT) corresponds to the temperature dependence of the roton 
density in th fluid. 

Fitting the 12B mobility distribution with a function of Q;·exp( ~/kT), Q; and ~/k were 
obtained to be (5.4 ± 0.7) x 10-4 cm2/Vs and (9.1 ± 0.3) OK, respectively. It should be noted 
that ~/k was yielded from the roton density measurement using different methods, i.e., neutron 
scattering (~/k 8.65°K), oscillating disk techniques (10.6°K), and combination of second 
sound and thermal data (8-9.6°K). It is also obtained from the He+ mobility, which yielded 
~/k 8.8°K. Since ~/k obtained from the 12B mobility is consistent with other measurements, 
it could be concluded that 12B+ moving in superfluid heliurn suffers collisions with the rotons. 
On the other hand, Q; of 12B was approximately 40, 30, and 20 % smaller than that of alkaline 
earth, helium, and alkaline ions, respectively. These features indicate that the helium cluster 
around 12B+ have a distinct structure. 

The classical model suggested that the snowball radius and the helium densitlY in the vicinity 
of the ion are a function of only the ion charge state. Therefore, the ion mobility should be 
independent of the nature of the core ion. The mobility discrepancy between alkaline and 
alkaline earth ions were explained by taking into account their electron configurations [3]. Since 
the alkaline ion's outermost electrons fill a shell completely, its structure must differ only slightly 
from the classical model. On the other hand, the new principal factor relevant to the alkaline 
earth ion is the presence of a remaining valence electron outside the filled shell, and are considered 
to form the helium cluster of a light effective mass and small radius. In the case of 12B, there are 
two valence electrons outside the filled shell and 12B should have higher mobility than alkaline 
earth ion. Therefore, the mobility of 12B is not successful in explaining in the framework of 
the electron configuration, and we have to introduce a new idea in order to reproduce such a 
remarkably small value. 

Reference 
[1] K. R. Atkins, Phys. Rev. 116, 1339 (1959). 
[2] F. Reif and L. Meyer, Phys. Rev. 119, 1164 (1960). 
[3] wI. W. Cole and R. A. Bachman, Phys. Rev. B15, 1388 (1977). 
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A research project on chemical properties 

of the heavy actinide and trans-actinide elements 


A. Yokoyama and A. Shinohara, Osaka University 

25/Aug/OO 

Abstract 

We plan several experiments to determine the chemical properties of heavy elements 
covering the heavy actinide and trans-actinide regions. New techniques and apparatuses for 
investigation on the atoms of very short life and extremely low concentration including a 
case of one atom at a time are discussed. The collaboration of Japan's nuclear chemists: as a 
part of the project, succeeded in the production of the Rutherfordium and Dubnium atoms 
by using the JAERI tandem Van de Graaff accelerator. 

Recently the success of synthesis of the 118 element was reported. The result does not seems 
to be confirmed up to the present. It is no doubt, however, that the nuclear chart of our 
interest is still being spread out to the heavy nuclides of trans-actinides. In that connectioll, 
the research on chemical properties of such elements is now very active and chemists try to 
spread out the periodic table of chemical elements. 

In Japan, a research group including most of nuclear chemists started collaboration for 
investigation of the chemical properties on the heavy actinide and trans-actinide elements. 
In order to enable the research work, apparatuses designed for rapid chemical separation 
and detection systems for a very small number of atoms are needed. At the same time, a 
systematic study on one atom chemistry is inevitable, because it is known in some cases that 
chemical properties depend on the amounts of chemicals at very low concentration. 

At Osaka University, we are in developing a gas-jet transport system and a chemical 
apparatus for rapid separation of aqueous solution using ion exchange chromatograph. Up 
to now, tracer solutions with radioisotopes of Hf and Zr are used to test the columns filled 
with ion exchange resin in Osaka University Radioisotope Research Center. The radioactive 
tracers are produced in Kyoto University Research Reactor Institute and Research Center 
for Nuclear Physics, Osaka University. 

At Japan Atomic Energy Research Institute, the first priority of the research t.arget is the 
chemistry of Rf at this moment. Synthesis of Rf(Z=104) and Db(Z=105) is accomplished 
by using the JAERI tandem Van de Graaff accelerator. A gas-jet coupled automated liquid 
chromatography apparatus was developed in order to perform rapid, repetitive and high 
performance liquid chromatography separations on the second scale in time. It is equipped 
with two magazines, each of which contains twenty micro-columns (1.6mm Ld. , 8 Hun long). 
A series of chromatographic pumps, valves, mechanical sliders, and micro-columns are all 
controlled by a personal computer. The system is similar to that called ARCA developed at 
GSI in Germany [1]. The apparatus of JAERI is being subjected to the various tests using 
radioactive atoms of Hf and Zr produced in the tandem accelerator. The obtained data 
will be also utilized in the analysis of chemical properties of the Rf element because those 
elements are homologues to Rf. 
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Furthermore, new projects are planned in connection to the renewal of the Tohoku Uni
versi ty Cyclotron and RIKEN Liniac accelerator. Especially, RIKEN is expected to be the 
future center of production of heavy actinides and trans-actinides enjoying the excellent 
beam of enormous intensit.y and various ions including very heavy ions. It. is also expected 
to have facilities which allow us to use heavy targets such as U, Th and even heavier unstable 
isotopes and to handle as many nuclides as possible including alpha emitt.ers. 

Reference 
[1] M. Schadel et al., Radiochim. Acta. 48, 171(1989) 
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Figure 'I: Sorption of Zr, HI and Th (in batch experiments) on-the AIX resin (Riedel-de 
l 

Ha.en) in 0.1 M HN03 a.t various HF concentrations. The lines are fitted to the da.ta 

points. 
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Figure&Sorp~ion of Zr, Hi and Th (in batch experiments )on the CIX resin (Aminex 

A6) in 0.1 M HN03 at various HF concentrations. The lines are fitted to the data points. 
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Spectroscopy of Highly Charged Ions using Tokyo-EBIT 

Shunsuke Ohtani 

The University of Electro-Communications, Chofu, 182-8585 Tokyo, JAPAN 

(\ number of d~fferent .experiments are progressing in parallel for the study of the physics of 
hIghly charged Ions uSIng the Tokyo-EBIT. In those studies, this paper gives the general 
feature of the apparatus and the brief survey of spectroscopy works. . 

Introduction 

The electron beam ion trap(EBIT) was developed at Lawrence Livennore National Laboratory 
to study highly charged ions(HCIs)l), which was based on the earlier electron beam ion 
source(EBIS) concepts2

) but with a shorter ion-trap length to limit plasma-like instabilities 
and hence to increase the residence time of trapped ions. The long residence time is essentially 
important for producing the higher charge-state ions and observing them in the spectroscopic 
study. 

Several EBITs have been constructed throughout the world. Most of EBITs have similar 
operation parameters with an electron beam energy of up to 25ke V. For highly stripped ions 
of heavy atoms (high-Z elements ),the ionization cross sections by electron impact increase 
gradually with the electron energy. Therefore a high energy electron beam is favorable for 
producing high-Z ions with very high-charge states. In Liveremore, a high-energy EBIT is in 
operation presently to perfonn the spectroscopic studies for systematic investigation of the 
relativistic and QED effects in simple atomic systems. A new high-energy EBIT is under 
development in Freiburg to perfonn the atomic collision experiments with extracted HCIs as 
well as the spectroscopy?) 

A few years ago, we have also constructed a newly designed, high-energy EBIT in Tokyo to 
develop a new research field in atomic physics with HCIs4

). In the first stage of the operation, 
our experimental activity has been concentrated mainly on the spectroscopy of HCIs in the 
trap. Recently, we have started to use the extracted ions from the trap and to investigate the 
HCI-interaction with matters. 

Tokyo EBIT 

In general, the EBIT device consists of three parts; an electron gun, a trap region with three 
drift tubes and an electron collector. The electron beam emitted from the gun is accelerated 
upwards by the potential difference between the gun and the drift tubes, whilst being compressed 
to a radius of about 30Jlm by a 4.5T magnetic field generated by a superconducting 
Helmholtz coils. After passing through the drift rubes, the electrons are decelerated and 
collected by the electron collector. Both the electron gun and the collector are designed to be 
floated to max.-300kV. 

Neutrals or ions are injected into the trap through a gas valve or from a pulsed ion source of 
vacuum-spark-type. Through interaction with the high current-density electron beam, they 
are ionized successively in the trap region. Ions produced are trapped radially by the space 
charge potential( -1OV)of the electron beam,and axially by voltages( -1OOV) applied to the 
drift tubes. The electron beam also serves to excite the trapped ions. Radiation from the 
excited ions can be observed through radial ports on the center drift tube in the horizontal 
plane. 
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The EBIT has several advantages for spectroscopic studies. The ions are nearly at rest, so 
Doppler shift corrections are not required. The EBIT forms a line light source, that is, the 
source size is approximately defined by the electron beam radius, so this source can be used 
directly for dispersive spectroscopy without the need for an entrance slit. The EBIT source is 
a low-density, low-collisional, weak-field non-neutral plasma, so the absorption of emission 
lines is negligible and the population of matastable states is also negligible. In addition, 
because the charge-state distribution in the trap is simple, and subsequently the spectral 
structure observed is also simple compared with other plasma sources, the identification of 
the transition and the measurement of the wavelength can be easily performed. 

Figure 1 shows an X-ray speCtrum measured with a Ge solid state detector. The electron 
beam parameter in this observation is 75 keY, 150mA. Krypton gas is introduced into the 
trap. In the X-ray energy region below the electron beam energy Ee, series of K-X-ray lines 
from highly charged ions of Kr, Ba and Ware observed. The Ba and W atoms are evaporated 
from the cathode, sub~equent1y ionized and trapped. The bremsstrahlung rad~ation continues 
up to the beam energy Ee. Radiative recombination(RR) lines of highly charged ions are also 
observed in the higher X -ray energy region. RR lines appears at energies above the Ee, as 
clearly seen in the expanded X-ray spectrum of the lower figure, since the energy of an RR 
line is the sum of the Ee and the ionization energy of the captured electron. The lines 
observed here are RR to the n= 1, 2 and 3 levels of Kr, Ba and W ions, converging to the Ee. 
RR lines to n= 1 level split into two peaks for Ba and Kr ions. The peak at the higher energy 
side is due to RR into bare ions., and that at the lower side is due to RR into H-like ions. This 
spectrum shows the production of bare Ba ions(Ba56+) in the trap. For Ba, the peak for RR 
into bare ions is smaller than that for RR into H-like ions, while for Kr the situation is 
reversed. This imply that the bare I<.r6 

+ ions are more abundant than the H-like ions in the 
trap at this EBIT operation. 
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Experimental and Theoretical Results 
1. X-ray spectroscopy 
In the course of the spectroscopic .studies in Tokyo, various kinds of X-ray spectroscopy 

have been p~rfonne~, such a~ the precI~e ~easurements of the wavelengths for X-ray transitions, 
the observatIon of dlelectromc recombmatlOn(DR) processes, and the measurements of collision 
strengths and polarizations as a function of the beam energy in electron-HeI interactions. 

In t~~s re~ort, w~ just ~how ~ece~t systematic m~asurements of ~he wavelengths for X-ray 
transItIons In Ne-ltke, hl~h-Z l?ns: Because of hIgh abundance In a hot plasma due to its 
closed s~ell ~tructure, the mvest~ga~on of ~-ray transitions in the Ne-like sequence is important 
for ~pphcations such.as plasma diagnostIcs and X-ray lasers. From the view point of atomic 
phYSICS, the systematIc study for Ne-like ions is also important to understand the relativistic 
atomic structure since there is strong configuration mixing of the wave functions of the 
excited states in high-Z region. -314



__ 

In the present observation, the spectrometer used consists of a flat LiF(200) crystal with a 
high-pressure, position-sensitive proportional counter. Figure 2 shows X-ray spectra for the 
transitions from the n=3 excited states to the ground state(2p6) in Ne-like ions ofBa(2=56), 
Cs(55), Xe(54), 1(53), Te(52), Sb(51) and Sn(50) as a function of the scaled transition 
energy: E(transition energy) lEav(configuration averaged energy). In this figure, 3D, 3F and 
3E denote some electronic configurations in the n=3 excited states which are (2p" 3d \ 

1 1 '3/2 51211=1 ' 
(2p· 1123s)1:1 and (2p' 3/23d312)J:I' respectively. As seen in Fig.2, the order of excited levels 
changes between 3D and 3F, and also between 3F and 3E. For example, the 3D and 3F lines 
become closer, change positions at 2=54(Xe54+) and then become far again as 2 increases. 
This means that in this 2 region the energy levels of these states become degenerate, so that 
the wave functions of these states might mix strongly. 

The experimental wavelengths are compared to the theoretical values calculated with the 
multi-configuration Dirac-Fock(MCDF)method. The experimental and the theoretical results 
of the transition energies for 3D, 3F and 3E lines are plotted in Fig.3. Two types of calculations 
have been performed, 1) with configuration mixing of the wavefunctions and 2) without 
mixing, respectively. The calculated values with configuration mixing reproduce the 
experimental results quite well. As is shown in Fig.3, both of experimental and theoretical 
investigations clearly indicate that the two levels get close each other around 2=55 for 3D 
and 3F, Z=51 for 3F and 3E, but avoid to degenerate. This suggests that they are coupled 
through strong mixing of two electronic configurations. 
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2. Visible spectroscopy 

Forbidden transitions with long wavelengths sometimes play important roles in diagnostics 
of hot plasmas. In the visible region, the ion temperature and the local magnetic field could 
be easily determined through the measurements of Doppler and polarization profiles of emission 
lines from HCIs in a plasma. 

At lower interaction energies of electrons with the trapped HCIs, we have systematically 
observed visible spectra due to fine structure Ml transitions, (3D4)5D2 -

5D3 , in the ground term 
of Ti-like ions for several elements with Z=51-786

). The present observation has been made 
by using the 32-cm monochromator of Czerny-Turner type with a liquid nitrogen cooled 
CCD detector. The spectra obtained are shown in Fig.4. In this figure, the target elements of 
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Ti-like ions observed are given together with the atomic number Z, the electron beam parameter 
and the data acquisition time. From Sb(Z=51) toPt(78), all of the M 1 transitions, 5D2-

5D3, in 
the Ti-like ions exhibit anomalous wavelength independence of Z, lying in the visible or near 
UV region, which is qualitatively in agreement with the prediction by Feldman et al. 7. 

This anomalous stability in the wavelength variation with Z has been discussed based on 
our theoretical calculation with the MCDF method. From consideration of mixin coefficients 
in the coupling scheme with respect to Z, the levels which are well described by the LS 
coupling scheme in low Z become characterized by the 11 coupling scheme in high Z. The 
transition from LS to 11 coupling takes place in the narrow intermediate region between Z=40 
and 60. According to the calculation of the 5D2-

5D3 transition energies, a plateau, that is , the 
anomalous wavelength-stability with Z, is formed accidentally due to the transition from LS 
to 11 coupling. 

The present calculations for the transition energies are in excellent agreement with all the 
existing measurements reducing the discrepancy to less than I %(Fig.5). This suggests that 
the present calculation may well fill the void of unmeasured elements from Sn(Z=50) to 
U(92). 
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Reactor kinetics in a generalized form 


Asymptotic formula for a large period T 

p=(N/v)s with N= f dtm)t) 
Physical interpretation of N :' 

...... the total number of delayed neutrons emitted after the infinite irradiation, 
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n (t) =L Y. P . A. exp (- A. t' +(decay chain)
d .' nl I 1 ), 
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s. Eum 
~md(t) =c exp (- At) 

!~
~J ! Tuttle-B6
!!' l.. - - fit(1137)
..-;;;,1 

f: 
0.0 

_..... 

t 

l/A 0.001 0.01 0.1 1 10 100 1000 

t (s) 

-322



-323



1 . Improve Pn precision 
(better than 3% to be free from the Pn uncertainties) 

2% for the most important 1371, 88Br and 87Br 
5% for 136Te 
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