Transfer induced fission of very neutron-deficient nuclel -
a method to measure fission barrier height

M. Veselsky

Institute of Physics of Slovak Academy of Sciences in Bratislava



Fission barriers - what do we know about them?

» Experimentally fission barriers B; are known only in the vicinity of the
beta stability line (e.g. N/Z(%38U)=1.59)
* Theoretical models for B; have been ‘tuned’ by using these data

Available data on fission barriers, Z > 80
(RIPL-2 library http://www-nds.iaea.org/ripl-2/ )

* For the r-process calculations we need fission data far away from stability:
e.g. 2%0Po or 270U (N/z>2!) — they might not be accessible in the Lab at all! —
Use calculations?




Fission barriers of neutron-deficient nuclei

- extracted from evaporation residue cross sections (in channels with emission of several
nucleons) using statistical model
- lower than predictions of model calculations by 15-25 % (Sierk), 30-40 % (Cohen-Plasil-

Swiatecki).
- are the macroscopic barriers wrong or is it a problem with description of fission decay width
?
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Fig. 7. Neutron-deficient part of fig. 5. The data points are marked with the element symbol and the
mass number,
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Statistical model

Survival probability is calculated as a product of emission probabilities
over the whole cascade

cascade). The probability of a given decay channel 7 18
By(l) = Ts(1)/Tot (1) (7)

where I'; (1), ['y,: (1) represent the width of a decay channel 7 and the total decay width at a given
de-excitation stage. The partial emission widths for particle emission are determined as

E_EB(Z)_Erot(l)
[(E) D) o< (20+1)(2s; + 1) / p(E — Ep(l) — Erot(l) — €)eode  (8)
0
and the fission width as
E—B;(1)—Ero:(1)
Ff(E, ) x (20 + 1)/ p(E — Bf(l) — FErot(l) — €)de (9)
0

where p 1s the level density calculated using the Fermi gas formula [23] and o; the inverse cross
section for particle emission, / again denotes the angular momentum, s; the spin of the particle,
F/p the binding energy of the particle, V., the rotational energy

ORI 41)

Erot(l) — 2j (10)

Fission barrier is used as a cutoff parameter in the formula for fission width !
However, interplay with the level density parameter in fission channel (a/a,) !



Evaporation residue cross 10" B
sections — an example 109

22Ne+1900s — 212Rn* 107!

Measured at VASSILISSA (Dubna) 107

Up to 13 neutrons emitted
O
I' /T, closetol Eﬁ
©

Fission barrier needs to be scaled
down by 25 - 40 % 107" E

a/a_ close to 1 at high excitation
energies

To reproduce pxn, axn channels .
emission barriers need to be scaled 107
down




Systematics of evaporation residue cross sections measured
at VASSILISSA in xn- de-excitation channels
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Systematics of extracted fission barriers — scaling factor C applied to
macroscopic part (rotating liquid-drop barriers of Cohen-Plasil-

Swiatecki)

0.84 BM=CB"()+B,™" (C =0.91,C,=0.82) a
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Different values on and off the N=126 neutron shell !
Why macroscopic barrier would be influenced by shell structure ?



Uranium isotopes produced in xn-channels

Largest variation of scaling factors to
macroscopic part of fission barriers

Excluded the “disappearance” of shell
structure (K.H. Schmidt et al., D=6 MeV In
the Ignatyuk’s formula instead of standard
value D=18.5 MeV) =

«

©
Common scaling factor if full fission

barrier (sum of macroscopic barrier and
ground-state shell correction) Is scaled
down.

126 128 130 132 134
N




Systematics of extracted fission barriers — scaling factor C applied to full

fission barrier (sum of liquid-drop barriers of Cohen-Plasil-Swiatecki and g.s.
shell corrections)
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Close values on and off the N=126 neutron shell !
What is the physics behind such scaling ?
Implications for synthesis of super-heavy nuclei ?



Conclusions I:

Fission barrier heights extracted from evaporation
residue cross sections using statistical model indicate
discrepancy with model values.

However, similar result from really low energy fission (E”
< 10 MeV, ideally below neutron separation energy) Is
needed as confirmation !!!



Electron-Capture Delayed Fission (ECDF, T, .(ff)=T,,.(EC))

Discovery: parent isotopes 23223Am(1966, Dubna)

A 7 2 step process: EC decay of a parent (A,Z) nucleus
’ populates an excited state in the (A,Z-1) daughter,
EC which then might fission (in competition with the y
decay to the g.s.)
*Low-energy fission! (E*~5-10 MeV)
*12 cases know so far (neutron-def. Uranium region)

ECDE EC-delayed branch
Necor _ Necor
PECDF_ N
EC

deformation

P:cor depends strongly on:

« Q. of the parent: the higher Q.., the larger the P..-
- B, of the daughter: the lower B._, the larger the P..,: 11
« Actually, Q..-B;. is important

fis?

fis




ECDF Probability: Feeding Part & Decay Part

Qec (E)
U F(Qec-E)@Sg(E) dE
0

Necor Fioi(E)

Qec
U F(Qec-E)®Sy(E) dE

0

F(Qgec-E) — phase space factor for EC/B* decay, (Qgc-E)? for EC, (Qgc-E)® for B*

Sg(E) — B-strength function (nuclear matrix element)

Measurement of Pgy allows to deduce Fission Barrier B:
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Fission barriers extracted from probability of EC-delayed fission for 1€°Tl:

Experimental value : for YTl -P,_.=3.2(2). 107

Fission barrier of **Hg- HIVVAP-like statistical model analysis ( fission and gamma

emission included, variant A, pairing gap in the saddle the same as in g.s.) :
- flat strength function ( in the range A - Q. ), B; = 7.34 MeV

- strength func., Maller et al., parent nucl. with g.s. deformation, B, = 6.76 MeV

- strength func., Maller et al., daughter nucl. with g.s. deformation, B, = 7.23 MeV
- strength func., Staudt et al., B, = 6.77 MeV

Theoretical values

Moller et al., 2009, B, = 9.81 MeV

B;(Sierk), shell corr. Moller and Nix 1981, B, = 9.69 MeV
B;(Cohen,Plasil,Swiatecki), shell corr.Myers and Swiatecki 1967, B, = 11.40 MeV




EC-delayed fission of 18Tl

Pogs = 3.2(2) . 10
(obtained by the experiment 1S466 at ISOLDE)

- used to deduce fission barrier height of the
daughter isotope '8°Hg.

- four_alternative strength functions (thick
lines) and four variants of statistical
calculations (A-D) are used to determine the
fission barrier. A-C — Fermi-gas level density
formula, D — Gilbert-Cameron formula, pairing
see explanation below figure.

- deduced fission barriers appear to be 10-40 %
smaller than theoretical estimates (thin lines),
thus apparently confirming the results from
compound nucleus reactions.

- uncertainty in determined fission barrier
heights results dominantly from uncertainty
concerning the magnitude of the pairing gap in
the saddle configuration. Possible solution:
study fission of odd-odd nuclei

- analogous results for 178TI, 18Bj, 1At
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Fission barriers extracted from probability of EC-delayed fission for 18 Tl:

Experimental value : for 1Tl - P, = 1.5(6) . 10

Fission barrier of 1®Hg- HIVVAP-like statistical model analysis ( fission and gamma

emission included, variant A, pairing gap in the saddle the same as in g.s.) :
- variant A, flat strength function ( in the range A - Q.. ), B; = 6.48 MeV
- variant B, flat strength function ( in the range A - Q.. ), B, = 8.22 MeV
- variant C, flat strength function ( in the range A - Q. =7.50 MeV
- variant D, flat strength function ( In the range A - Q. = 7.36 MeV

), By
), By

Theoretical values

Moller et al., 2009, B, = 9.32 MeV

B(Sierk), shell corr. Moller and Nix 1981, B, = 9.44 MeV
B;(Cohen,Plasil,Swiatecki), shell corr.Myers&Swiatecki 1967, B, = 10.67 MeV




EC-delayed fission of 18Tl
Pogs = 1.5(6) . 103
- used to deduce fission barrier height of the
daughter isotope 1"8Hg.
- flat_strength function and four variants of
statistical calculations (A-D) are used to
determine the fission barrier. A-C — Fermi-gas
level density formula, D — Gilbert-Cameron
formula, pairing see explanation below figure.
- deduced fission barriers (thick lines) appear to
be 12-30 % smaller than theoretical estimates
(thin lines).
- spread in determined fission barrier heights
results dominantly from uncertainty concerning
the_ magnitude of the pairing gap in the saddle
configuration.
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Conclusions I1:

Fission barrier heights extracted from beta-delayed
fission using statistical model appear to  confirm
discrepancy with model values.

However, values of fission barrier heights can not be
determined unambiguously due to uncertainty In beta-
strength function and pairing gap Iin the saddle
configuration

Still, some nontrivial shapes of beta-strength function can
lead to fission barriers heights close to model values

Some other low energy fission data is needed for definite
proof. Ideally at low beam energy close to the threshold to
have full control of reaction Kkinematics and energy
balance, thus a direct measurement.
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Abstract

(d,p)-transfer induced fission is proposed as a tool to study low energy fission of exotic heavy nuclei. Primary goal is to
directly determine the fission barrier height of proton-rich fissile nuclei, preferably using the radio-active beams of
isotopes of odd elements, and thus confirm or exclude the low values of fission barrier heights, typically extracted
using statistical calculations in the compound nucleus reactions at higher excitation energies. Calculated fission cross
sections in transfer reactions of the radioactive beams show sufficient sensitivity to fission barrier height. In the
probable case that fission rates will be high enough, mass asymmetry of fission fragments can be determined. Results
will be relevant for nuclear astrophysics and for production of super-heavy nuclei. Transfer induced fission offers a
possibility for systematic studv the low enerayv fission of heavy exotic nuclei at the ISOLDE.



. 1.4 GeV from PSB

. Proton beam 1.4 yA
. Two target stations:

GPS — General Purpose Separator
HRS- High Resolution Separator

Proton Beam

Rohot Control
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Experimentally measured fission barriers

Most of the known fission barriers were
obtained more than 30 vyears ago (
summarized by Dahlinger et al. ) . Since then

very

little progress was made, due to

problems with methodology.

N=50

N=82

Direct measurement of fission barriers

Best and unambiguous method  of
measurement, possible when Coulomb barrier
iIs lower than fission barrier, which can be
observed as a fission threshold. Possible with
light beams, preformed using restricted set of
stable target nuclei.

Among others, the (d,pf) reaction was used
for nuclei heavier than radium, where
fission barriers are low and comparable to
Coulomb batrrier.

In normal kinematics, this method can not be
used for exotic nuclei.

Fig. 2. Part of the chart of the nuclides. Nuclei for which the fission barrier was determined experi-

mentally are indicated by an asterisk.



New method: (d,p)-transfer induced fission
of heavy radioactive beams in inverse kinematics (at HIE-ISOLDE)

1987(d.1) 19pi(d.1)

It is of primary interest to
observe transfer-induced
fission of odd elements
such as TIl, Bi, At or Fr,
since In this case the
estimated fission barriers
will not be influenced by 35 4 as
uncertainty In estimation E,, (AMeV) E,, (AMeV)
of the pairing gap in the
saddle configuration.
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Observed fission rates of
these beams can be used
to directly determine
values of the fission
barrier heights.
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Use of (d,p)-transfer induced fission with Rl beams (in
Inverse kinematics) allows to:

- avoid uncertainty due to unknown beta-strength
function, encountered in beta-delayed fission

E*

* e (E* *
<d0(d D) (Ebeam)/dE ) (E*f)(%—Fq)(E*) dE
Pret(Ebeam) = ;

fn 40 ) (Epeam) /AE*)dE*
0

O%S

- obtain precise values of fission barrier heights for odd-
odd fissioning nuclei without pairing gap in the saddle
configuration (in the beta-delayed fission only even-even
nuclel are accessible)



State-of-the-art _equipment: ACTAR TPC offers several
advantages, namely higher observed fission rates and the
possibility to obtain the fission cross sections for a range of
beam energies in one measurement.

- usmg deuterium gas with pressure 500 mbar, with effective target thickness 1.6
mg/cm? of deuterium (target chamber length parallel to beam axis of about 25 c¢m
corresponding to the dimensions of ACTAR TPC), the beam slows down from the
Initial energy of 5 AMeV to about 4.1 AMeV.

- the reaction vertex can be reconstructed with a resolution better than 3 mm,
allowing to measure more than 60 points of the excitation function over the
energy range of interest.

- a rate ranging from about two events/minute at highest beam energy bin down to
one event per hour for the lowest energy bin can be calculated assuming the beam
intensity (10° pps) and fission barrier reduced by 20%. Such rates enable to
determine fission mass asymmetry. Without reduction of the fission barrier, total
expected fission rate can be still estimated to some hundreds of fissions per hour.

- active target ACTAR TPC provides the needed sensitivity, allowing to resolve
the long-standing question concerning the observed fission barriers of proton-
rich nuclei by way of their direct measurement.
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Figure 2: Configuration of ACTAR TPC for the measurement of the
transfer-induced fission events. The two fission fragments are detected in
the forward-placed silicon array; the proton from the transfer is either
stopped in the volume (as shown) or detected in the Si-Csl telescope

arrays surrounding the active volume (only partly shown).
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Dyvpe 3: Aegt: kiveuartiyo (Evepyy @o. Laff avyle) op mportovo ¢p0,u Tl(d p)194T| in inverse

kinematics, for a beam Lenergy of 4.5 AMeV and a Q value of -2.5 MeV (corresponding to
excitation energies in “**TI around 8 MeV). Right: stopping position of protons, emitted in the
gas volume at position (0,0), for the kinematics shown on the left. The ranges are calculated
using SRIM. The size of the graph (200mm x 100mm) correspond to one side, with respect to
the beam axis, of the active volume in ACTAR TPC.

The excitation energy of the fissile ***TI nucleus can be calculated from the available
beam energy at the moment of the reaction (directly depending on the position of the
vertex) and the Q-value of the (d,p) transfer reaction; the latter is reconstructed from the
angle and energy of the emitted proton. For transfer to states at energies above the
fission barrier the Q-value is negative: most protons are emitted at backward angles with
a low energy, between 100 keV and 2 MeV. The protons can be either stopped in the gas,
or escape the active volume (see figure 3); in the first case their specific energy loss
(about 10 to 15 keV/mm) is sufficient to generate a signal from which the track length and
angle are reconstructed; in the second case they are detected in a segmented telescope
array placed around the active volume.



TAC comment: Tl contamination of 1*°Bi and 2°*At beams

No problem at all! 1Tl and 2°*T| beams won't fission below 5 AMeV !
Still, TI contamination needs to be reduced as much as possible.
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28 shifts (almost 10 days) of beamtime at HIE-ISOLDE
approved by INTC

HIE-ISOLDE (phase 2) with post-accelerated beams with
energy up to 5.5 AMeV Is expected to be operational In the
second half of 2015

Funding for ACTAR TPC secured via EU ERC project money
(G. Grinyer, R. Raabe)

Experiment can be carried out upon the availability of the
ACTAR demonstrator, in late 2015 or in 2016

Besides fission barriers, also mass distributions of fission
fragments will be obtained



Conclusions I11:

Fission barrier heights can be extracted at HIE-ISOLDE
from the excitation function of (d,p)-transfer induced
fission In Inverse kinematics between RI beam energies 4
— 5 AMeV using the active target (ACTAR TPC chamber)

Precise values of fission barrier heights will be
determined for odd-odd fissioning nuclei without pairing
gap in the saddle configuration

Implications for nuclear astrophysics and for search of
new methods of synthesis of super-heavy nucleli

Experiment will be carried out In 2015-2016 and,
hopefully, the issue will be settled for good.
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CoMD appears to describe correctly the collective dynamics

No assumption concerning viscosity are made, evolution of
mean field appears to be sufficient

Besides fission, CoMD describes correctly mass distributions of
projectile-like nuclei in reactions 86Kr+58,64N1,112,124Sn at
15 AMeV

A mean field model capable to describe collective dynamics
both in fission and in damped nucleus-nucleus collisions
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Casta-Papiernicka, Slovakia

ISTROS 2015 May 1-6, 2015

(an edItIOn) Istros is the ancient name of the river Danube, flowing
through Bratislava, the capital of Slovakia and the seat of
o the medieval university Academia Istropolitana. Second
2 s I edition of the conference of the same name, taking place
CaSta Paplernlea in the wine-producing area of Little Carpathian hills in
Bratislava's hinterland, aims at providing platform for
meeting of international and Slovak scientists, active in
May 1 — 6 the field of nuclear physics, specifically dealing with
experimental and theoretical aspects of physics of exotic

nuclei and states of nuclear matter.

Everybody interested Topics:

tO partl Cl pate Nuclear structure of heavy nuclei
IS We I come | Shape coexistence in atomic nuclei

Radioactive decay and structure of drip-line nuclei
Collective nuclear motion
Production of neutron-rich and super-heavy nuclei

h ttp : / / | St '0S.SaVv.S k Reactions of rare isotope beams

Nuclear equation of state and symmetry energy



