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Outline

Synthesis of the element Z=119
• Ongoing experience in RIKEN, Japan, through 

collaboration nSHE (« new Super Heavy 
Element »)


• Goal : First synthesis of the element with 119 
protons, determination of its lifetime and mass

2

N

Z

Study of  « high-K » isomers256Rf
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• Goal: delayed spectroscopy of the superheavy 
nucleus of  


•  Facilities :  and SIRIUS (EquipEX),          
GANIL, France (Caen) 

256Rf

S3
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Synthesis of element 119

2006
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Nh

Og

State-of-the-art 

119 or Uue
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K. Kessaci, Thèse de l’Unistra (2021)

A. Obertelli et al. (2022) 

• What is the heaviest nucleus that can 
be created? How many elements are 
there?


• New evidence of the existence of the 
"island of stability"


• New anchor point for theory 
(constraints thanks to mass and life 
time)

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Synthesis of element 119



Synthesis of element 119
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• 7th period completed → Oganesson (Z=118)


• Chemistry of the nuclei  electronic layer?


• Not negligible relativistic effects from Z=112              
→ what about the classification of the elements?

g

Z 
(p

m
)

P. Jerabek et al. (2018) Cf. B. Gall
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• Fusion-evaporation reaction :





• Production cross-section ∼ fb !


• High intensity


→ Superheavy factory: SRILAC, SHE factory, LINAG


→ New separators : GARIS III, DGFRS II & III,  


51V +248 Cm →299−x 119* + xn

S3

6

I (pµA) σ (fb) Event every:

1 50 2 months

10 50 6 months

1 3 12 years

10 3 15 months

Experimental setup @ RIKEN, Japan 
Synthesis of element 119

Decay chain of Z=119(1p A ≈ 6 x  particles/s)μ 1012

• Z=119 : Proof of existence, lifetime and mass


→ 80% to detect each  = 100 % chance to 
detect a chain (if the first two are detected)       


→  isotopes known except Z=117 (Ts)


α
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GARIS II (separator)

Cf. B. Gall



Synthesis of element 119
Experimental setup @ RIKEN, Japan 

Detection system: 


• Time of Flight detector (ToF)


• Double-sided silicon strip detector (DSSD)     
(reculs,  and ) 


• non-pixelized silicon Tunnel (  and )


• non-pixelized silicon VETO 


e− α

e− α

7

ToF Tunnel DSSD VETO

N.C.

α

α

Detection chamber

L = 29.5 cm

ToF

Target-like

PSD

Strip 0

Strip 15

ToF detector
Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 



Internship: production of 257/258Db
Calibration of an experiment and search for -decay chainsα

8

• Calibration of detectors from reactions 
51V +159 Tb →210−x Ra + xn

Strips Y

Strips X

DSSD

64 x 32 x 2 = 4096 pixels

51V +135 La →185 Hg + 5nand

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 
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• 


• Filtering using ToF, QDC et VETO

51V +208 Pb →259−x Db + xn

Data flow R RA A AR A A RR RAα αα α αα α α αα α

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Internship: production of 257/258Db
Calibration of an experiment and search for -decay chainsα

Strips X

St
rip

s 
Y

1H
2H

3H
4He
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• 


• Filtering using ToF, QDC et VETO

51V +208 Pb →259−x Db + xn

Data flow R RA A AR A A RR RAα αα α αα α α αα α

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Internship: production of 257/258Db
Calibration of an experiment and search for -decay chainsα
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• 


• Filtering using ToF, QDC et VETO

51V +208 Pb →259−x Db + xn

Strips X

St
rip

s 
Y
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Internship: production of 257/258Db
Calibration of an experiment and search for -decay chainsα

R RA A AR A A RR RAα αα α αα α α αα αData flow

1H
2H

3H
4He
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R RA A AR A A RR RA  α α1α α αα2 α α3 αα αData flow

ΔtR−α

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Internship: production of 257/258Db

 decay chain257Db

Calibration of an experiment and search for -decay chainsα

Strips X

St
rip

s 
Y
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R RA A AR A A RR RA  α α1α α αα2 α α3 αα α
ΔtR−α

 decay chain257Db

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Internship: production of 257/258Db

• Recoils lifetimes as function of Eα

Calibration of an experiment and search for -decay chainsα

Strips X

St
rip

s 
Y

Data flow
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Analysis of decay chains and delayed spectroscopy

• Reconstruction of decay 
chains


• Delayed spectroscopy for   
Db, Lr, Md

α

α
+

1

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Internship: production of 257/258Db



P. Walker & G. Dracoulis, Nature, 
1996

Deformed nucleus with quantum numbers 
K, j, J


• Metastable excited state of a nucleus


• SHE region →"high-K" isomers


 Useful to probe the quantum structure of the nucleus→

13

Ĥ =
N

∑
i=1 [ p̂2

i

2m
+ V( ⃗ri)] +

N

∑
i=1

[ 1
2

mω2
0r2

i −
1
2

mω2
z (2ji − λi)] ̂ni

« high-K » isomers


• : Projection of the total angular moment along the axis 
of deformation of the nucleus


• If  (Multipolarity of the transition), the transition 
is "forbidden" but possible decay by tunnel effect


K

|ΔK | > λ

Study of  « high-K » isomers256Rf
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• Before 2011: several discordant delayed spectroscopy 
experiments 


• 2011: experiments by IPHC and JYU physicists


 


↳ low cross-section = 17 nb


↳ Important statistics with  separator and the SIRIUS 
detection system


S3
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Ĥ =
N

∑
i=1 [ p̂2

i

2m
+ V( ⃗ri)] +

N
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[ 1
2

mω2
0r2

i −
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z (2ji − λi)] ̂ni

J. Rubert, Thèse de l’Unistra (2013)

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Study of  « high-K » isomers256Rf

50Ti +208 Pb →256 Rf + 2n



Experimental setup @ 
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Super Separator Spectrometer 


• Separator + Spectrometer (1/350)


• High resolution mode and convergent mode


• Intense beam from LINAG

S3

SIRIUS (Spectroscopy & Identification of Rare 
Isotopes Using )


• Detection system placed at the focal plane:


Tracker (ToF) + DSSD  (R, , ) + pixelated Tunnel 
( ) + VETO + 5 germaniums Clover ( )

S3

α e−

α γ

Martin BORDEAU - M2 PSA - Structure & limits of the superheavy nuclear quantum building - 21/6/2023 

Study of  « high-K » isomers256Rf

S3

SIRIUS

LINAG



Conclusion
From internship to thesis …

S3

→ Installation and testing of  and 
SIRIUS at GANIL, Caen


→ First beams and synthesis of 

S3

256Rf

→Programming of the 
analysis code for the search 
of decay chains of the Z=119


→ Data taking at RIKEN

Synthesis of element 119

nSHE Collaboration

Study of  « high-K » isomers256Rf
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Backup slides
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Reaction mechanisms.
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Capture



Deformed nucleus
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Desexcitation of a CN
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Shell Model
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prompte vs delayed Spectroscopy
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SHE elements
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72 Yu.Ts. Oganessian, V.K. Utyonkov / Nuclear Physics A 944 (2015) 62–98

Table 1
Decay properties of nuclei.

Z N A No. 
observeda

Decay mode,
branch (%)b,c

Half-lifec Eα (MeV) Q
exp
α (MeV) Refs.

118 176 294 d:4 α 0.69+0.64
−0.22 ms 11.66 ± 0.06 11.82 ± 0.06 [71,73,74]

117 177 294 d:3, t:2 α 51+38
−16 ms 10.81–11.07 11.18 ± 0.04 [74,86–89]

176 293 d:15 α 22+8
−4 ms 10.60–11.20 11.32 ± 0.05 [74,86–88]

116 177 293 d:4, s:1 α 57+43
−17 ms 10.56 ± 0.02 10.71 ± 0.02 [68–70,72]

176 292 d:5, s:4 α 13+7
−4 ms 10.63 ± 0.02 10.78 ± 0.02 [70,72]

175 291 d:3, s:1 α 19+17
−6 ms 10.74 ± 0.07

10.50 ± 0.02
10.89 ± 0.07 [49,71,72]

174 290 d:11 α 8.3+3.5
−1.9 ms 10.85 ± 0.07 11.00 ± 0.07 [49,71,73,

74]

115 175 290 d:4, t:2 α 650+490
−200 ms 9.78–10.31 10.41 ± 0.04 [74,86–89]

174 289 d:16 α 330+120
−80 ms 10.15–10.54 10.49 ± 0.05 [74,80,81,

86–88]
173 288 d:27, t:19 α 164+30

−21 ms 10.29–10.58 10.63 ± 0.01
≈ 10.7 [83]

[75,76,80,81,
83,84]

172 287 d:2, t1 α 37+44
−13 ms 10.61 ± 0.05 10.76 ± 0.05 [75,76,81,83,

84]

114 175 289 d:10, s:1, t:4, 
tc:1

α 1.9+0.7
−0.4 s 9.84 ± 0.02

9.48 ± 0.08
9.98 ± 0.02 [45,48,49,62,

65,68–70,72]
174 288 d:17, s:4, 

t:11, ic:2, 
tc:1

α 0.66+0.14
−0.10 s 9.93 ± 0.03 10.07 ± 0.03 [45,49,56,61,

62,65,70,72]

173 287 d:16, s:1, 
b:1, ic:1

α 0.48+0.14
−0.09 s 10.03 ± 0.02 10.17 ± 0.02 [46,49,56,61,

70–72]
172 286 d:25, b:2 α: 60+10

−11 0.12+0.04
−0.02 s 10.21 ± 0.04 10.35 ± 0.04 [46,47,49,56,

70,71,73,74]
171 285 b:1 α 0.13+0.60

−0.06 s [47]

113 173 286 d:4, t:2 α 9.5+6.3
−2.7 s 9.61–9.75 9.79 ± 0.05 [74,86–89]

172 285 d:17 α 4.2+1.4
−0.8 s 9.47–10.18 10.01 ± 0.04 [74,80,81,

86–88]
171 284 d:27, t:20 α 0.91+0.17

−0.13 s 9.10–10.11 10.12 ± 0.01
≈10.3 [83]

[75,76,80,81,
83,88,84]

170 283 d:1, t1 α 75+136
−30 ms 10.23 ± 0.01 10.38 ± 0.01 [75,76,81,83,

84]
169 282 d:2 α 73+134

−29 ms 10.63 ± 0.08 10.78 ± 0.08 [82]

112 173 285 d:10, s:1, t:4, 
ic:1, tc:1

α 28+9
−6 s 9.19 ± 0.02 9.32 ± 0.02 [45,48,49,60,

62,65,68–70,
72]

172 284 d:19, s:4, 
t:11, ic:2, 
tc:1

SF 98+20
−14 ms [45,49,56,61,

62,65,70,72]

171 283 d:22, s:4, 
b:1, ic:6

α: ≥ 93 4.2+1.1
−0.7 s 9.53 ± 0.02

9.33 ± 0.06
8.94 ± 0.07

9.66 ± 0.02 [46,49,
56–59,61,63,
70,71]

Og

Ts

Lv

Mc

Fl

Cn

Nh   113     165    278   d:3                      a                           2 ms                      11.52 - 



Relativistic effects
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plutonium

95
Am

americium

96
Cm
curium

97
Bk

berkelium

98
Cf

californium

99
Es

einsteinium

100
Fm

fermium

101
Md

mendelevium

102
No

nobelium

103
Lr

lawrencium

21
Sc

scandium

44.956

39
Y

yttrium

88.906

57-70  
 

lanthanoids  

89-102  
 

actinoids  

atomic number
Symbol

name
conventional atomic weight

standard atomic weight
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Figure 1.20: A single out of four main boards of the COLD array with 1 the opening
to the narrow chromatography channel (1.6 mm elevation) formed by a total of 32
detector pairs 2 in a sandwich geometry (i.e., a face-to-face orientation of the active
areas).

[110, 211]. With the help of an aerosol gas jet system, the reaction products were

rapidly transported within less than 10 s to the isothermal chromatography setup.

This system and its further developments OLGA-II [212], HEVI [213] and OLGA-

III [214, 215], used in combination with the ROMA detection setup [216, 217] and

the PSI tape system [212, 218], enabled measurements of volatile halides of ruther-

fordium [45, 192], dubnium [192, 219, 220], their lighter homologs [221] as well as

oxyhalides of seaborgium [222–224] and bohrium [225]. Simultaneously further stud-

ies concerning volatile oxychlorides of seaborgium [226–228] applied again a directly

combined thermochromatography and detection device adjacent to the production

site.

U. W. Kirbach and co-workers finally introduced a novel approach in the form of the

Cryo-Thermochromatographic Separator, CTS [229]. Therein, compared to earlier

experiments, the used chromatographic stationary surface quartz had been replaced

by active detector surfaces with a SiO2 coverage. The narrow rectangular channel

(2 mm elevation with a width of 8.5 mm) consisted of a sequence of 32 silicon

solid state detectors pairs (i.e., PIN-diodes) in a sandwich geometry. Advancements

of this technique for on-line gas phase investigations of short-lived SHEs appeared

shortly afterward in the form of state-of-the-art detection systems, such as the Cryo
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FIG. 10. Production cross sections of final products in the 238U + 254Es reaction at Ec.m.
= 900 MeV. Contour lines are drawn

over an order of magnitude of the cross section down to 1 pb.

of this sub-shell on the formation of the primary prod-
ucts (compare primary and final fragments for Rf and Db
isotopes in panel (b) of Fig. 9). Impact of the N = 162
sub-shell is also present in Db and Sg distributions ob-
tained in the 238U + 248Cm reaction.

As can be seen from Fig. 9, the yields of primary frag-
ments are rather large. For example, excited Z = 114
nuclei can be produced with the cross sections of about
1 µb (not shown in Fig. 9). Nevertheless, high excita-
tion energies and angular momenta lead to rather low
probabilities of their survival.

The production cross sections for the 238U + 254Es
reaction products with Z > 91 are shown in Fig. 10.
In this reaction unknown neutron-enriched isotopes of
elements from U to Md can be produced with the cross
sections exceeding 1 µb. The above-discussed decrease of
the isotopic distributions with increasing atomic number
imposes certain restrictions on the formation of above-
target nuclei. In particular, the possibility of synthesis of
unknown superheavy nuclides in DI collisions of actinides
is rather limited.

The initial orientation of statically deformed nuclei
also affects the production yields of heavy above-target
nuclei. Lower excitation energies of primary fragments
formed in a more compact side-to-side collisions will in-
crease their survival probability. On the other hand, the
cross sections for primary products for the side-to-side
collisions are smaller than for other orientations. The
final yield is a product of the survival probability and
primary cross section. Determination of an optimal col-
lision energy is of great importance for planning experi-
ments on production of heavy nuclei and will be a topic
of future studies.

IV. CONCLUSIONS AND OUTLOOK

In this paper, the multinucleon transfer processes in
low-energy collisions are analyzed for both spherical and
statically deformed nuclei. The model provided a rea-
sonable agreement between the calculated and the mea-
sured energy, angular, charge, and isotopic distributions
of reaction products for a number of MNT reactions with
medium-mass and heavy nuclei.
The mutual orientation of colliding statically deformed

nuclei in the entrance channel strongly affects the reac-
tion dynamics at near-barrier energies. This applies to
the absolute values and widths of the energy, angular,
mass, and charge distributions of reaction products ob-
tained for different mutual orientations of projectile and
target nuclei. These orientational effects gradually dis-
appear with increasing collision energy to the values well
above the Coulomb barrier for all orientations.
The developed approach allows us to calculate yields

of the above-target nuclei produced in collisions of heavy
actinides at near-barrier collision energies. The calcula-
tion results show a strong exponential drop of the pro-
duction cross sections with increasing atomic number due
to high excitation energies and angular momenta of pri-
mary products. This drop was earlier observed experi-
mentally for the 238U + 238U/248Cm reactions [17, 18].
This fact makes the region of new superheavy nuclides to
be hardly reachable in MNT reactions. However, there
is a real chance to produce a number of neutron-enriched
isotopes of heavy actinides with the cross sections ex-
ceeding 1 µb in the MNT reaction with the 254Es target.
Both theoretical and experimental studies of the en-

ergy dependence of the production yields of heavy
neutron-enriched nuclei in MNT reactions with heavy
ions is of special interest for determining conditions for

10

238 238
U + U, = 7.5 MeVE /u

U + Cm, = 7.4 MeV/u (0 < )
238 248

E
o

θlab. < 55
o

/u
238 254

U + Es, = 7.3 MeVE

10
0

10
-3

10
-6

10
-9

10
-12

232 240 248
236

240
244

248
236

240
244

248
252

242
244

248
252

256
244

248
252

256
260

248
252

256
260

248
252

256
260

248
252

256
260

264

10
0

10
-3

10
-6

10
-9

10
-12

10
0

10
-3

10
-6

10
-9

10
-12

252
256

260
264

252
256

260
264

268
256

260
264

268
256

260
264

268
272

260
264

268
272

260
264

268
272

276
264

268
272

276
268

272
276

10
0

10
-3

10
-6

10
-9

10
-12

236 244

Pu Am Cm Bk Cf Es Fm Md

No

Lr

Rf
Db

Sg
Bh Hs

Mt

Ds

cr
o

ss
 s

e
ct

io
n

 (
m

b
)

mass number

mass number

c
ro

ss
 s

e
ct

io
n

 (
m

b
)

(a)

(b)

1 pb

1 pb

FIG. 9. Isotopic distributions of final above-target products obtained in collisions of actinides. The thin, dashed, and thick
histograms correspond to the results of the calculations for the reactions 238U + 238U (E = 7.5 MeV/u), 238U + 248Cm (E = 7.4
MeV/u), and 238U + 254Es (E = 7.3 MeV/u), respectively. The experimental data for the 238U + 238U reaction (triangles)
are taken from Ref. [17], and for 238U + 248Cm (circles) are from Ref. [18]. For more details see the text. The heaviest known
isotopes of given chemical elements are indicated by the vertical dotted lines. The thick dashed curves show primary isotopic
distributions of Rf and Db.

makes the synthesis of the superheavy elements unrea-
sonable using this reaction. However, in some cases the
yields of yet-unknown neutron-enriched isotopes of heavy
actinides are sufficiently large for their experimental iden-
tification. The vertical dotted lines in Fig. 9 indicate the
heaviest known isotopes for each chemical element.

The production cross sections of heavy TLFs for the
given Z are approximately four orders of magnitude
larger for the 238U + 248Cm reaction compared with
238U + 238U. It certainly motivates one to use the heav-
iest available target in order to achieve the largest pro-
duction cross sections for heavy and superheavy nuclei
in DI collisions. We have performed calculations for the
238U + 254Es reaction as one of the possible combinations

with heavy target (see Figs. 9 and 10). The collision en-
ergy was set to E = 7.3 MeV/u (Ec.m. = 900 MeV),
which is slightly above the Coulomb barrier for the side-
to-side mutual orientation (VC = 874 MeV). The whole
angular range is covered in the calculations, but practi-
cally all above-target products are emitted in the forward
angles up to θlab. = 55◦.

The calculations for the 238U + 254Es reaction predict
an additional shoulder for No and Lr isotopic distribu-
tions that becomes a maximum for Rf, Db and Sg dis-
tributions. The explanation of this phenomenon is the
impact of the N = 162 neutron sub-shell on formation
of final reaction products from primary ones during the
de-excitation process. Note, that there is no visible effect

A. Karpov et al. arxiv.org/abs/1810.0402529

http://arxiv.org/abs/1810.04025
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SHE Barrier distribution studyIn the case of cold fusion reactions, the barrier distributions
and the peak of evaporation residue cross sections have been
shown to be correlated.19) Therefore, barrier distribution
measurements enable not only the determination of an
optimal incident beam energy, but they can also facilitate
an understanding of the sub-barrier enhancement of fusion
cross sections induced by channel couplings. It is unclear,
however, whether a similar correlation exists for hot fusion
reactions.

In this study, we applied, for the first time, a barrier
distribution study to the hot fusion reaction of interest in the
production of the heaviest nuclei. For this purpose, we used
the gas-filled-type recoil ion separator GARIS,20,21) which
has successfully been used for the synthesis of the new
element Nh.22–24) A major advantage of our setup is that we
measured the QE scattering cross section by detecting target
recoils, rather than scattered projectiles, so that the QE events
could be well separated from deep-inelastic (DI) events. This
enabled us to extract more reliable and more detailed barrier
distributions for systems relevant to superheavy elements,
compared with the previous attempts.19,25) We applied this
method to the 48Ca+208Pb, 50Ti+208Pb, and 48Ca+248Cm
systems, and discuss the optimal incident energy for both the
cold (48Ca+208Pb and 50Ti+208Pb) and hot (48Ca+248Cm)
fusion reactions.

2. Experimental Details

2.1 Setups and experimental methods
A beam of 48Ca11+ ions was prepared from an 18GHz

ECR ion source feeding the RIKEN heavy-ion linear
accelerator26) (RILAC) using the micro-oven technique.27) A
beam of 50Ti11+ ions was prepared from the same ion source
by means of the metal ions from volatile compounds
(MIVOC) technique.28) MIVOC were synthesized from 92%
enriched 50Ti material prepared at IPHC Strasbourg; the last
synthesis step was performed at RIKEN. The beam energy
was measured by two methods: from the magnetic rigidity
of the ions traversing a 90° bending magnet and by time-of-
flight measurements. The accuracy of these systems is !0:2%.
The beam intensities of 48Ca11+ and 50Ti11+ were 0.009–0.92
and 0.006–0.63 pµA, respectively (1 pµA corresponds to an
impinging beam of 6:2 " 1012 particles per second).

The 208Pb targets were produced by the vacuum evapo-
ration of metallic 208Pb onto 60-µg=cm2 carbon backing foils.
The thickness of the 208Pb layer deposited was 170–230
µg=cm2. To change the beam energy without modifying the
RILAC accelerator parameters, aluminum energy degrader
foils were placed in front of the 208Pb target. By using foils
with thicknesses of 0.8, 2.0, and 3.0 µm, we measured 24
energy points in the range of Ec:m: ¼ 148:5{199:1MeV for
the reaction 48Ca+208Pb and 20 energy points of Ec:m: ¼
163:0{215:0MeV for 50Ti+208Pb.

The 248Cm2O3 targets were produced by electrodeposition
of the material on 2.2-µm-thick Ti backing foil.29) The
thickness of the 248Cm2O3 layer deposit was 250 µg=cm2. The
10-cm-radius target wheel contained eight arc-shaped targets,
and it was rotated at 1000 rpm during the beam irradiation.
No aluminum degraders were used for the 248Cm target. We
measured 30 energy points of Ec:m: ¼ 165:8{221:5MeV for
the reaction 48Ca+248Cm. For the 248Cm2O3 targets, we used
a beam slit (Ta) in front of the targets.

The calculations of energy loss in the target and backing
were based on Ref. 30. The typical energy loss through the
backing and half the thickness of the target is 1.6MeV for the
reaction 48Ca+208Pb, 2.0MeV for 50Ti+208Pb, and 13.5MeV
for 48Ca+248Cm in a laboratory system. Strictly speaking, the
energy loss in the 248Cm2O3 target and Ti backing differ for
every target and backing combination because of their
uneven thicknesses. These energy loss fluctuations amount
to !0:1MeV in a laboratory system.

A schematic of GARIS is shown in Fig. 1. The separator
was filled with pure helium gas at a pressure of 120 Pa. We
typically set the magnetic rigidity of GARIS to 1.620Tm
for the reaction 48Ca+208Pb, 1.535 Tm for 50Ti+208Pb,
and 1.705 Tm for 48Ca+248Cm. Parameters such as the gas
pressure in GARIS and the magnetic rigidity of GARIS were
changed and optimized for every energy point with events
measured by the 16-strip position-sensitive silicon detector
(PSD).

At the focal plane, we set the focal plane detectors, which
consisted of time-of-flight (ToF) detectors and a 16-strip
PSD. The ToF detectors use electron-emission foil made of a
0.5-µm Mylar foil coated with 0.01-µm Au and 20-µg=cm2

CsI. The efficiency of the ToF detectors was almost 100% for
target-like events. The PSD detector has an active area of
58 " 58mm2 and is divided to 16 strips. A precise energy
calibration of the PSD strips was performed on the basis
of the well-known 254No decay lines via the 48Ca+208Pb
reaction. The events of our experiment were sorted for each
incident energy. Our sort code was written on the basis of the
ROOT code.31) The data acquisition system was started by
the signal measured by the PSD. The electronic discriminator
level was set to approximately 1MeV.

For the normalization of measured excitation functions
using the Rutherford scattering cross section, we measured

L = 29.5 cm

ToF

Target-like

PSD

Strip 0
Strip 15Focal-plane detection

0 1 2 [m]

He gas region

D2Q2Q1D1

GARIS

Primary beam

Beam intensity monitor

Target

Beam stopper (Ta) 

Recoiled target-like nuclei

Primary beam

Differential pumping

Beam slit (Ta)

Fig. 1. (Color online) Schematics of GARIS and detectors. GARIS
consists of a first dipole magnet (D1), followed by two quadrupole
magnets (Q1) and (Q2), and a final dipole (D2) magnet. The lower figure
shows the focal plane detector system composed of two ToF detectors and a
16-strip PSD.
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for each system were close to those of the Akyuz–Winther
potential.11) Following the previous work,19) the depth
parameter V0 of the real part of the internuclear potential
was adjusted to reproduce the measured excitation func-
tions.

3.2.1 Single-channel calculation
We first attempted to reproduce the experimental data

without taking into account the channel coupling effects. The
dashed blue curves in Fig. 6 show the results of this
calculation using the input parameters listed in Table I. This
calculation clearly did not reproduce the enhancement of
quasi-elastic cross sections observed in the above barrier
region. This implies that the QE scattering for these systems
is strongly influenced by couplings to other channels such as
excited states of the colliding nuclei.

3.2.2 Coupled-channels calculation
We then included the couplings to low-lying collective

excitations36) in the projectile and the target nuclei for the
reaction 48Ca+208Pb using the input parameters listed in

Ec.m. E]VeM[ c.m. E]VeM[ c.m. [MeV]
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Fig. 7. (Color online) Measured excitation function for the QE scattering cross section relative to the Rutherford cross section (top panels). Left, middle, and
right panels are for the 48Ca+208Pb, 50Ti+208Pb, and 48Ca+248Cm systems, respectively. The corresponding QE barrier distribution (middle panels) and the
evaporation residue cross sections reported at different center-of-mass energies from the syntheses of No, Rf, and Lv evaporation residues15,16,38–40) (lower
panels) are also shown. Red symbols indicate the experimental data from this work, for which the error bars include only the statistical uncertainty. Green
symbols indicate the experimental data of mixed QE and DI events. These data points provide an upper limit for d!QE=d!R (see Sect. 2.3). Blue solid curves
indicate the best fit of the coupled-channels calculation with the parameters shown in Table II. Blue dashed curves show the results of the single-channel
calculations with the same internuclear potential as that used for the blue solid lines.

Table I. Input parameters for the single-channel calculation based on
CCFULL,35) which uses a Woods–Saxon internuclear potential. The
calculated results are shown in Fig. 6 by dashed blue curves.

48Ca+208Pb

V0 ¼ 97:0MeV r0 ¼ 1:18 fm a0 ¼ 0:69 fm
Vw ¼ 50:0MeV rw ¼ 1:00 fm aw ¼ 0:40 fm
48Ca GS 0MeV
208Pb GS 0MeV
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In order to study the nucleus–nucleus interactions for syntheses of superheavy nuclei, we measured excitation functions
for the quasielastic scattering of 48Ca+208Pb, 50Ti+208Pb, and 48Ca+248Cm using the gas-filled-type recoil ion separator
GARIS. The quasielastic scattering events were clearly separated from deep-inelastic events by using GARIS and its focal
plan detectors, except for high-incident-energy points. The quasielastic barrier distributions were successfully extracted
for these systems, and compared with coupled-channels calculations. The results of the calculations indicate that
vibrational and rotational excitations of the colliding nuclei, as well as neutron transfers before contact, strongly affect the
structure of the barrier distribution. For the reactions of 48Ca+208Pb and 50Ti+208Pb, a local maximum of the barrier
distribution occurred at the same energy as the peak of the 2n evaporation cross section of the system. On the other hand,
for the hot fusion reaction of 48Ca+248Cm, the 4n evaporation cross section of the system peaks at energies well above the
maximum of the barrier distribution. This may be attributed to the deformation of the target nucleus. We argue that these
findings can be utilized to locate the optimal energy for future searches for undiscovered superheavy nuclei.

1. Introduction

Studying the barrier distributions of heavy-ion reaction
systems provides important information on the nucleus–
nucleus potential near the Coulomb barrier.1) In heavy-ion
reaction systems, the barrier is strongly modified by
couplings of the relative motion between colliding nuclei to
several nuclear excitations,1) as well as to nucleon transfer
channels.2) These couplings replace a single Coulomb barrier
with a multitude of barriers. Such dynamic properties of
heavy-ion reactions can be studied by experimentally
extracting so-called barrier distributions from excitation
functions. Even though a global potential, such as the Bass
barrier,3,4) may provide a reliable average barrier height, it
does not account for the distribution of barrier heights in
detail. Many experimental studies have established the
validity of the concept of the existence of a barrier
distribution,1,5) and coupled-channel calculations have been
successfully compared to the experimentally determined
barrier distributions.2,6)

The barrier distribution is obtained from either fusion
reactions7) or quasielastic (QE) scattering,8) which is defined
as the sum of all reaction processes other than fusion (i.e.,
elastic scattering, inelastic scattering, and direct transfer
channels). These two types of barrier distribution representa-
tions have been shown to be similar to each other, although

the barrier distribution representation derived from QE
scattering tends to be broadened and less sensitive to the
structure at lower energies1,2,8,9) compared with the one
derived from fusion excitation functions. In this work, we use
the method of deriving the barrier distribution from QE
scattering events.

When one aims to synthesize unknown superheavy nuclei,
the incident beam energy is often set near the Coulomb
barrier. Since the barrier heights predicted by theoretical
models differ considerably from one another,3,10–14) it is
essential to determine them experimentally. Such information
can be accessed by studying the barrier distribution.

Moreover, in the quest for undiscovered nuclei, informa-
tion on the incident energy that gives the maximum
evaporation residue cross section is essential. For example,
a few experimental groups15–17) have measured evaporation
residue cross sections for the reaction 48Ca+248Cm. These
experimental results were shown to be consistent with the
theoretical predictions by Zagrebaev,18) from which the
bombarding energy was selected. The results18) of the
reaction 48Ca+248Cm also showed that the full width at half
maximum (FWHM) of the evaporation residue cross section is
around 6MeV owing to the influence of lower and higher
evaporation channels. This implies that the difference of
3MeV from the optimal bombarding energy will result in a
drop of the production cross section by a factor of almost two.
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