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I. ASTROPHVYSICAL MOTIVATION

About half of the isotopes in the universe that are heavier than iron have been synthesized by rapid neutron captures
(r-process). Yet, to date, the origin of these nuclei is still unknown and no astrophysical scenario has been identified
with certainty as the r-process site. The most promising r-process scenario is the neutrino-heated high entropy bubble
in core collapse supernovae, but models fail to provide naturally the high entropies required to produce the heaviest
r-process nuclei. Other proposed sites like neutron star mergers or accretion-induced collapse of a white dwarf cannot
be ruled out either [1,2].

A key element in the search for the r-process site are the properties of very neutron-rich nuclei far from stability down
to neutron separation energies of 2 MeV - specifically masses, §-decay half-lives, neutron capture rates and probabilities
for B-delayed neutron emission. Knowledge of these data provides the link between the observed solar abundance
pattern of r-nuclei and the conditions at the r-process site and is therefore a prerequisite for the determination of
r-process conditions independent from astrophysical models [3] as well as for testing any proposed r-process scenario.
Reliable nuclear physics input allows furthermore to predict r-process abundances for unstable nuclei like 232Th that
can serve as r-process chronometers. This is especially important in connection with recent observations of r-process
elemental abundance distributions in very metal poor halo stars [4,5].

However, for most of the nuclei along or near the r-process path no experimental information is available, and
‘nuclear physics input for r-process calculations is derived from theoretical models that are fitted to the properties of
nuclei closer to stability. A so far unresolved issue is, whether these models can be applied for the very neutron-rich
nuclei in the r-process path as new nuclear structure effects might occur far away from stability, for example due
to shell quenching or the formation of neutron skins (see [6] and also [7] for recent theoretical resuits concerning
the 1328 region). This lack of reliable nuclear data for very neutron-rich nuclei is especially problematic for nuclei
around *328n, which are involved in the synthesis of the isotopes in the A = 130 peak of the solar r-process abundance
distribution. On the one hand, r-process model predictions for solar isotopic abundances show severe deficiencies
in this mass region [3,8], like the strong underproduction of nuclei with 4 = 113 — 124 or the abundance spikes at
A =134, A= 136 and A = 138 (see Fig. 1} that are not seen in the observed r-process abundance distribution.
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FIG. 1. The solar r-process abundances (dots) sround A = 130 compared to r-process calculations based on the ETFSL-1
(dot-dashed line) and the ETFSI-Q (solid line) mass models, respectively [5,9].
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On the other hand it has been shown, that contrary to other mass regions, astrophysical freezeout effects do not
have a strong impact in this region and that therefore the calculated abundance distribution directly reflects the



properties of the nuclei along the r-process path [1,2]. An improved knowledge of nuclear properties in this region
would therefore strongly consirain astrophysical r-process scenarios.

We therefore propose to use the unique capabilities of the GSI accelerator facilities to produce very neutron-rich
nuclei via projectile fission of 233U at relativistic energies and to investigate nuclei in the neighbourhood of 132Gn,
In a first step, we plan to measure the probabilities for §-delayed neutron emission (P,) and the S-decay half-lives
(Ty2) of 16 nuclei in the Cd - Xe region (see Fig. 2) with an accuracy of at least 10%. These measurements will be
performed at the F4 focal plane of the FRS using the 3-n coincidence technique.
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FIG. 2. The chart of nuclei showing neutron bound nuclei around '**Sn. The nuclei that we propose to investigate directly
at the FRS are marked in orange (most important key isotopes) and yellow. For the red nuclei masses will be measured in the
ESR in combination with the FRS. '?*Ag and '*® Ag will be investigated in both parts of the experiment. Stable isotopes are
filled black and isotopes with a closed shell are filled grey. The r-process waiting points are framed with thick black lines. The
border of measured masses [10] is indicated by the green line. Experimentally known half-lives are given in seconds and are
written below the names of the isotopes.

For all of these nuclei the P, values are experimentally unknown, except for '*Sn, where it is highly uncertain
(17%+14% [11]). In addition, for most of these nuclei the half-lives are unknown as well (see Fig. 2}, Among the
nuclei we propose to investigate are the astrophysically most important isotopes **Sn, '3%Sn and '*7Sb. These nuclei
are waiting points in the r-process path and their properties are related to the problem of the A = 134,136 spikes in
the predicted r-process abundances. These spikes are produced, since during the high neutron flux in the r-process
relatively large abundances of the waiting point isotopes 134Gy 136Gy, 137Qh, and *%Sn are accumulated. The half-
lives of these nuclei are crucial since they determine how much material is accumulated - in steady flow the produced
abundance is roughly proportional to the half-life. However, previous experiments revealed large discrepancies between
experimental and theoretical half-lives. As an example, Fig. 3 shows that the QRPA predictions [12] for neutron-rich
Sn isotopes seem to overpredict half-lives by a factor of 3-10.
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FIG. 3. B-decay half-lives for Sn isotopes. Shown are experimental data (Exp) as well as half-lives calculated with the QRPA
and the FRDM 1992 mass model [12]



These calculations that are widely used in r-process calculations include allowed GT-decay only, and it has been
pointed out that especially near 132Gy, firgh forbidden transitions might enhance (-decay rates significantly [13]. More
half-live measurements in this region will help to resolve this problem. After freeze out these waiting point nuclei decay
mainly via 134Sn(3...), 1%%Sn(Bn)***Sb(B...), 1379h{An) %6 Te(f...) and 138Gy (An ) 37Sb(An) % Te(F...}) (B... denotes 2
sequence of 3-decays until a stable nucleus is reached). Since the P, value of 134y is only 14%, but the P, values of
137Gh and 138Sn are predicted to be very large (99.91% and 100% respectively [12]), the decays of 1**Sn, 1378k and
138¢y produce large amounts of nuclei with A = 134 and 136. On the other hand, the large predicted P, value for
136Gn (99.99% [12]) prevents the decay of 135y from being an additional source for A = 136 nuclei. However, the
P, values of ®48n, 35Sn and '37Sb are highly uncertain as can be seen in Fig. 4: all 3 nuclei are the first isotopes
in their mass chain predicted to have a P, value well above 90% but in all 3 mass chains the theoretical predictions
strongly overestimate P, values. Again, this might be due to the neglected first forbidden transitions. Indeed, in the
case of 1968y an estimate for P, based on a combination of QRPA for allowed GT-decay and the gross theory for first
forbbidden transitions gives a much lower value of 25% [13].
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FIGL. 4. Probabilities for S-delayed neutron emission Pn. Shown are experimental values {(Exp.} and values calculated with
the QRPA and the FRDM 1992 mass model [12]

The P, value of 139Sb is of similar importance to the 4 = 138 abundance spike and the measurement of P, values of
the other nuclei in this region will establish, whether the theoretical overprediction of P, values and F-decay half-lives
in this region is indeed a systematic trend. Therefore, experimental data obtained from the proposed experiment will
for the first time allow to reliably calculate r-process abundances in the A = 134 — 138 mass region.

After the determination of production cross sections, isotope separations and transmissions for nuclei in the neigh-
bourhood of 1328n at the FRS, we plan in a second step to inject some of these nuclei into the ESR for precise mass
measurements. We propose to measure the masses of 122-127 Ay and 129-131Cd (see Fig. 2) with an accuracy of at
least 200 keV. The purpose of these mass measurements is twofold: Firstly, the r-process path is mainly determined
by neutron separation energies, since during the r-process most nuclei within an isotopic chain are in (n,7)-{y.n)
equilibrium. Mass measurements of '**Cd and 13104 will allow to determine the neutron separation energy of 1314
and thereby the r-process path in this critical mass region. Secondly, this measurement will help to resolve one of
the most striking problems in reproducing solar r-process abundances with astrophysical model calculations - the
abundance trough at A = 113 — 124 (see Fig. 1}. This trough is a consequence of the behaviour of the nuclear masses
in the region below the N = 82 shell gap. It has been suggested that quenching of the N = 82 shell far from stability
might solve this problem [14]. This suggestion is motivated by the known quenching of the N = 20 and NV = 28
shells (for example [15]) and by the prediction of this effect for the N = 82 shell closure by HFB-Skyrme calculations
[16]. Indeed, r-process calculations based on the ETFSI-Q mass model [17] that includes phenomenologically the shell
quenching predicted by HFB-Skyrme calculations, clearly show an improved fit of the observed r-process abundance
pattern (see Fig. 1 [5]). However, so far no conclusive experimental evidence exists for the quenching of the N = 82
shell. First indications have been obtained from systematics of excitation energies of the first 27 and 4% gtates in Cd
isotopes up to NV = 80 [9]. Another indication is the unexpectedly short measured half-life of 130Cd that can only be
understood when a quenched N = 82 shell is assumed [9]. The strongest hint fora N = 82 shell quenching comes
from the systematics of the masses of neutron-rich Cd isotopes. Fig. 5 shows the masses of (Cd isotopes predicted by
the FRDM 1992 mass model [18] (no shell quenching), the ETFSI-1 mass model [19] (no shell quenching) and the
ETFSI-Q mass model (with shell quenching) in comparison with experimental data.



Cd isotopes

10 ‘
% 0.5 » lfl‘\\ .
= s NSOUA
T 00 R B
€ v
L F
{2} 05 - o .
o P [—— ETFSiQ] Be N\ b
= - @ Exp N ‘
g 10 o PN — N F
Lo rrom | N
L
85 70 75 80 85 80

neutron number

FIG. 5. The difference of the ETFSI-1 mass model predictions to the FRDM 1992 mass model, the ETPSI-Q) mass model
and the experimental data (Exp) [10] (Merrsi—: — My} for neutron-rich Cd isotopes.

Clearly, a systematic deviation of the experimental masses from the mass model predictions without shell quenching
in the direction of ETFSI-Q can be seen. However, these deviations are only marginally larger than typical mass
model uncertainties (a2 500 keV). The proposed continuation of these mass measurements beyond the shell closure at
130C:d will determine, whether this trend persists and indeed points to a quenching of the N = 82 shell. In the case
of the Ag isotopes the experimental data are not yet within the range where shell quenching plays a role. Measuring
the masses of 22-127Ag will reveal, whether a similar trend as for the Cd isotopes exists. It should be noted that for
lighter nuclei the use of nuclear masses as a signature for shell quenching is a well established method (for example

[15]).

I BEXPERIMENTAL DETAILS
A. Measurements of decay properties

B-decay half-lives and probabilities for delayed neutron emission will be measured at the F4 focal plane of the FRS.
An overview of the proposed setup is given in Fig. 6. The neutron-rich nuclei of interest are produced via projectile
fission of a 750 MeV/u 238U beam impinging on a 1.25 g/cm? lead target. Various previous GSI experiments have
demonstrated the feasibility of this method for the production of very neutron-rich nuclei (for example [20,21]} and
the measured cross sections serve as an important basis for the planning of the proposed experiment. The secondary
fission products are separated by mass and charge in the FRS via the Bp — AE — Bp method. The standard detector
set at the focal planes F2 and F4 serves to identify each transmitted fission product event-by-event by measuring
magnetic rigidity, time of flight, energy deposition as well as position and direction of its trajectory. The fission
products are then slowed down in a degrader and implanted into a stack of Si detectors at the F4 focal plane. The
subsequent decays of the implanted nuclei are observed by detecting elecirons in the Si detectors in coincidence with
neutrons in a neutron long counter [22] surrounding the implantation area. The Si detectors will be segmented to
allow for higher acceptable implantation rates and a clear correlation between an implanted nucleus and its decay
(see for example [23] for details of this method). The neutron long counter consists of 3 concentric rings of “He
proportional gas counters embedded in a polyethylene moderator matrix and is capable to detect decay neutrons from
fission products that have typical energies between 200 and 1000 keV with an efficiency of roughly 30%.

Probabilities for f-delayed neutron emission are determined from the ratio of implantations with a detected S-n
coincidence to implantations without such a coincidence taking into account the known detector efficiencies. S-decay
halflives can be determined from the time structure of detected s and 3-n coincidences. The neutron long counter
has been sucessfully used in previous experiments at other facilities and its capability for P, and T3 measurements
of fisson products has been demonstrated before [22,24]. The neutron background at the FRS had been measured
previously with the same detector we plan to use. These measurements and the experience gained with the neufron
long counter at other facilities show that neutron background will be sufficiently suppressed by using the g-n-nucleus
coincidence technique thus allowing for measurements during the SIS spill.
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FIG. 6. Overview of the proposed experimental setup for the measurements of P.-values and fS-decay half-lives at the FRS

focal plane F4.

B. Measurements of ground state masses

Direct mass measurements of neutron-rich nuclei will be performed with the combination of FRS and ESR. The
production mechanism is the same as described in the previous section. Neutron-rich nuclei will be separated in the
FRS by the Bp — AE — Bp method and then injected into the ESR. As can be seen in Tab. 1, all the isotopes of
interest are relatively short lived with S-decay half-lives between 6.1 and 0.5 8. Therefore electron cooling cannot
be applied and masses have to be determined using the isochronous mode of the ESR [25]. The revolution time of
the nuclei circulating in the beam will then be measured either with the thin-foil time-of-flight detector [26] that was
developed for this purpose or with a highly sensitive Schottky-pickup (e.g. resonant Schottky-pickup}.

In a recent pilot experiment it has been demonstrated that the ESR can be operated in the isochronous mode with
projectile fragments injected from the FRS [25]. In addition the mass resolution for uncooled Ni fragments has been
measured using the Schottky technique. Based on these data we expect that together with a calibration of the ESR
for particle velocities around the isochronous mode an accuracy of about 100 keV for mass measurements of nuclei
with A = 130 can be reached. New ion-optical calculations suggest that further improvements for the isochronous
meode will be possible,

The time-of-flight detector has been installed in the ESR and recent test experiments demonstrated its ability to
measure the revolution time of a single ion. These tests also showed that the number of turns for a circulating ion (on
average 20, sometimes more than 100) is sufficiently large. However, the timing resolution and the detection efficiency
will have to be tmproved.

The highly sensitive Schottky-pickup system will be developed in the near future. Depending on its performance
and availablity we will decide, which method (time-of-flight detector or Schottky-pickup) will be applied for which

nucleus.

IIi. INTENSITIES

For the measurement of the decay properties at the FRS, Tab. 1 lists the expected particle intensities as well as
the rate of detected B-n coincidences for all nuclei of interest. These numbers are based on an incident 2**U beam
intensity of 10° ions/s and a lead target of 1.25 g/cm? thickness. The production cross sections (see Tab. 1) have
been taken from previous GST experiments [20,27,28] except for 127A g 139Gh and 140Sb, where the cross sections have
been estimated assuming a decrease by a factor of 10 for each additional neutron. The particle transmissions have
been calculated using the Monte Carlo code MOCADI and were 9% for the implantation into the Si-detector. The
low transmission is a consequence of the large emittance due to the fission kinematics and includes also the nuclear
reaction losses in the degrader and the detector material. The detection efficiency for A-n coincidences was assumed
to be 20%.

Also shown in Tab. 1 are the expected intensities of nuclei to be injected into the ESR for mass measurements.
Here the transmission from the target into the ESR was estimated to be 0.6%.



IV. BEAM TIME REQUEST
A. Measurements of decay properties

Based on the intensity estimates we request a total of 7 days of beam time for 1999 to perform the experiment at
the FRS focal plane.

1999 : 2 days : optimization and calibration of FRS and detectors
5 days : measure all 16 nuclei shown in Fig. 2 with a gtatistics of & 1000 B-n coincidences.

With a primary beam intensity of 10° ions/s this will be sufficient to measure P, values and B-decay half-lives of all
of the 16 nuclei listed in Fig. 2 with a statistics of 1000 S-n coincidences per isotope. This will allow to determine P,
values and S-decay half-lives with an accuracy of around 10%. The requested beam time will also include testing of
the method by measuring %Br and *“Rb, which have well known P, values and large production yields {see Tab. 1}.

B. Measurements of ground state masses

For the second part of the proposed experiment, the mass measurements with a combination of FHS and ESR, we
request 14 days of beam time for the year 2000:

2000: 4 days : optimization of FRS and ESR, calibration, particle identification
10 days : measure all 9 nuclei shown in Fig. 2 and Tab. 1

In addition to the requested beam time, 1 week of parasitic beam time will be necessary to prepare the experiment.
During this time the injection into the ESR, the stability and reproducibility of the ESR in the isochronous mode and
the performance of the frequency pickup system will be tested using nuclei with well known masses and half-lives.

TABLE 1. Production cross sections (¢}, f-decay hali-lives (T} sz}, probabilities for delayed neutron emission (P}, ion rates
(rate}, and detected f-n coincidence event rates (n-events). The upper part of the table shows the data relevant for the
implantation experiments. There, the ion rates refer fo the implantation rate. The lower part of the table shows the data
relevant for the mass measurements with the combination of FRS and ESR. Here the ion rates give the rate of mjection into
the ESR. 3-decay half-lives and P, values that are not experimental but calculated with the QRPA [12] are marked with ©.

Isotope o {ub} Tyz (s) Py (%) rate (577) B-n events (7}
Decay measurements at the FRS
"Br 19771 1.92 25.2 9928 47
“TRb 2604 0.17 25.7 189 9.7
1348y 2400 1.12°% 17.0 174 5.9
1358n 12 0.95° 100.0° 0.87 0.17
1378y 180 1.05° 99.9° 12 2.3
12 Ap 138 0.17 1.2° 10 0.025
125 0 37 0.16 5.99° 2.7 0.028
1381 3.3 0.18 100.0° 0.94 0.048
135en 189 3.0° 98.5% 14 2.7
1378 1.2 0.81° 99.3° 0.087 0.017
1580h 16 0.041° 19.7° 1.2 0.046
189y 3 1.08° 99.8% 0.22 0.043
1881y 686 0.98°% 2.3% 50 0.97
140 72 0.99° 2.9° 5.9 4.030
142y 929 0.20° 47.8° 16 1.6
148y 15 0.14% 77.9° 1.1 0.17
1447 3 0.089¢ 35.6° 0.22 0.016
(LD ¢ 59 0.9 3.0% 4.3 0.025
Ground state mass messurements in the ESE
Ag 1054 0.52 23
12 Ag 370 0.29 8.1
P Ag 138 0.17 3.0
125 Ag 7 0.16 0.8
12 Ag 6 0.10 0.13
127 pg 0.6 011 0.013
13 d 27 0.27 0.59
1#00g 6 0.90 0.13
A 0.5 0.94% 0.011

o
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