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1. Experimental status of neutron-rich isotopes

The "rapid neutron capturet)process plays an important role in stellar nucleosynshasd
is responsible for about 50% of the solar abundances beyond The solar-abundance curve
has three maxima #~80, 130, and 195, corresponding to neutron-rich precumangsndN=50,
82, and 126 (Fig. 1). Up to now experiments in or close to thecess path were carried out only
for A<150, leaving the region above as (experimental) “terragn¢a”. Recent experiments at the
FRS at GSI Darmstadt have led to the discovery of 105 newpsstbetween NdZ=60) and Ac
(Z=89) [1-3]. However, no physical properties like half-bvand masses have been measured yet
for most of these new isotopes, and thprocess progenitors at tid=126 shell closure are still
more than 16-15 mass units away from the presently last known isotopesth&ureduction of
this gap and first measurements insidertpeocess path a~200 is one of the prime motivation
of all present and future radioactive-beam facilities.
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Figure1: Chart of nuclides withr-process region.

B-delayed neutron emission occurs in very neutron-richeiwghen theB~-decay energyQ@g
value) is larger than the neutron separation eneggy The branching ratioR,, neutron emission
probability) is the number of emitted neutrons per I®@ecays. Measurements gfdelayed
neutron Bn) precursors have been carried out mainly for the massmegia50, with the excep-
tion of 210T1 (P, = 0.007"5.504%) [4]. In an experimental campaign at the FRS 2011 the heavie
Bn-emitters so far in the mass region "south-east8b have been measured [5]. Among these



An alternative approach to measyBedelayed neutron emission

Alexey Evdokimov

| [tz (exp) [ Pn(exp) | tua(theo) [6, 7] | Pu(theo) [6,7 |

211Hg - - 2s/14.92s | 7.35%/0.8%
212Hg - - 24s/105s | 15.9% /2.34%
2101 || 1.30 min | 0.007% [4] -/57.53s -/0.01%

2137] - - 70.4s/32.4s | 2.93%/13.3%

Table 1: Half-lives andP, value predictions [6, 7] of selected isotopes for the ESRsueaments. The
predictions forP19T| from [6] are not available.

isotopes?*Hg, 21?Hg, 21°TI, and ?13TI are possible candidates for a proof-of-principle measur
ment in the storage ring ESR due to their expected long haé(Table 1).

2. Alternative method to measure Bn-emission probabilities

In this complementary approach the secondary beams frofRISeare injected into the ESR
(or in the future at FAIR via the Super-FRS into the Colled®ing CR). This project is part of
the ILIMA collaboration (Isomeric beams, Llifetimes and Ms&s) [8], which aims to carry out
measurements of nuclear masses and lifetimes of storeit exmiei at relativistic energies at the
new SuperFRS-CR facility. The higher beam intensity wilbalto investigate exotic short-lived
nuclei like those in the "terra incognita" which are up to noet accessible. The ESR (CR) storage
ring is able to accumulate, cool and detect the secondaiyatenl beams from the FRS (Super-
FRS). The cooling of the injected beam via stochastic anty f@n the ESR) electron cooling is
needed to decrease its transverse emittance. A short eweofithe characteristic features of the
ESR and the future CR are shown in Table 2. In Fig. 2 we showattied structure of the ESR and
a sketch of the future FAIR project.

Parameters | ESR[9] | CR[10, 11] |
Circumference 108.36 m 221 m

Max. Bp magnetic rigidity 10 Tm 13Tm

Max. kinetic energy of injected isotopes 400 MeV/u 740 MeV/u
Revolution time per turn ~ 500 ns ~ 855 ns

200 mm mrad
200 mm mrad

300 mm mrad
100 mm mrad

Horizontal acceptance
Vertical acceptance

Momentum acceptance +1.5% +1.5%
Stochastic cooling time ~1-15s <1s][12]
Electron and stochastic cooling time ~6-7s < 1 s (only stochastic

Table 2: Main features of the ESR and future CR. In the FAIR project leateon cooling is foreseen for
the CR, only for the HESR and later the NESR.

The standard (non-destructive) technique to study the esaasd half-lives of stored (and
cooled) ions is by time-resolved Schottky mass spectrgnj@8—15]. Capacitive pick-up plates
provide the revolution frequencies of the ions and allowrtiteentification. When the ions decay,
they change their mass and possibly their charge, and teusrévolution frequencies. However,
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with Schottky spectrometry it is only possible to study tlaeighter nuclei that remain within the
acceptance of the rings. This restricts the method to matheghter pairs within aA/q change
of +£1.5%, but it can be complemented by particle detectors ikgtedehind the dipole magnets
to detect alsg@~/ Bn-daughter nuclei can hit detector so many timesoutsidet¢beptance. The
positions for such particle detectors in the ESR and therdu@R are indicated with arrows in
Fig. 2.
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Figure 2: (Left) Lattice structure of the existing ESR. (Right) Sketf FAIR with the planned positions
for particle detectors in the CR (green arrows). The locatibthe ESR is marked by a red arrow.

The particle detector consists of a stack of silicon PINdd® and single- or double-sided
silicon strip detectors (Fig. 3) which are mounted insidéaintess steel pocket with a 25-10@n
thick steel window [16] . This kind of detector telescope hasady been used for the detection
of 297PBP2* jons in the bound-stat@-decay experiment oi’TI81* [17, 18]. Z identification is
accomplished by determination of the energy losses, andpd&tion tracking is provided by
the position-sensitive strip detectors. In order to measi@acays outside of the acceptance, this
detector is placed behind the dipole magnets in the arcs.

The use of such a pocket detector for the measurement ofivedfandf-delayed neutron
branching ratios would have the advantage to be indepeindémt neutron energy and the neutron
detection efficiency. This is- for the standard method with neutron detecterthe most critical
part. Another advantage is that this measuring principleldvde also independent of the very
much restricted availability ofHe.

The detection efficiency of the particle detector in thisipeés close to 100%, but includes only
those isotopes which decay on the long straight sectiorgistbrage rings, whereas decays in the
arcs result in losses of the ions. However, the overall efficy is much lower due to unavoidable
losses. Lower rates are expected compared to the direcuneeasnts at the FRS (or Super-FRS)
due to losses by the transfer into the ESR. Inside the stamage collisions or electron pick-up
processes have to be considered. Collisions of residualtgass with the circulating ion beam are
negligible due to the ultra-high vacuurp € 1x10~'! mbar) operation. The main loss factor is
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radiative electron capture (REC) in the electron coolerCR&Ea recombination process in which
a highly ionized ion captures a quasifree electron and earptsoton. The REC processes of fully
stripped ions can change substantially the storage litetifnions and subsequently tig- and
Pnp-values. The loss rate by the REC processes depends on therldensity in the electron
cooler and the revolution frequency of the ion beam. Accwydb Refs. [19, 20] we calculated
the loss rates for beams of the selected isotopes (see TablEhése values are in the order of
~ 103-10° s 1 per ion for typical electron densities-(10°—10’ cm3). REC processes lead
also to a decrease of the stored beam lifetime and beam ,puhitgh can give rise to background
in the detector spectrum. For experiments using the elecooler, the half-lives of the isotopes
should be in the order of a few seconds (see Table 1 and 2).elprésent ESR we plan to use
only one pocket position (fg8Bn-measurements the inside position in Fig. 2), whereaseiffutiure
CR two positions are foreseen which would immediately detlw total efficiency of this method.
The monitoring of the number of circulating mother ions usréime with Schottky pick-ups and
the simultaneous detection of th8( and/or8n) decay products with either the same pick-ups
or the particle detector allows then to measure the hakliand thg3-delayed neutron branching
ratio (Pn-value).

Figure3: Previous particle detector used for storage ring experis{d8]. The active area was 40x60 rAm

3. Tracking simulations

We have performed decay simulations for the ESR and CR riiitfpstiae codedVOCADI [21]
and DYNAMO [22] in order to investigate the tracking of the decayingages in the horizontal
plane of the rings. The tracking simulations were doneStnoider as “ideal” approach where
only the ion optics and the aperture of magnets in the ringe wensidered. The particle detector
was located as indicated by arrows in Fig. 2# idhs of !'Hg were injected and performed“.0
revolutions in the rings. The emittance of the injected begas 1 mm mrad for the ESR and
5 mm mrad for the CR which corresponds to the emittance otpoted beams after stochastic
cooling [12, 23]. The mother iongHg) were always located in the center of the beamline at
0 cm. The probabilities oB~- (Pg = 92.65%) and3n-decay P, = 7.35%) [6] were manually
generated in the code.
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Figure4: Tracking of?’Hg and its decay products in the ESR (left) and CR (right) aréspective pocket
positions. In accordance to Table 2, ffre-decay of1*Hg to 21Tl implies “small” change irA/q of 1.24%,
which is still inside the acceptance of the ESR and CR. finalecay t*:°Tl changesA/q by 1.7%, which
would be outside the acceptance. The acceptance regioadayaneasurements by the particle detector and
Schottky spectrometry are marked by green and violet backgts, correspondingly. WithR, of 7.35%
and after 5 ms/ 8.55 ms (4@evolutions in the ESR / CR) all three components could barsged as shown.

The decays occur somewhere in the ring during theré@olutions (corresponding to a dura-
tion of 5 ms and 8.55 ms for the ESR and CR, respectively). dmptlsent stage of the simulations
the influence of the different decay half-lives are not yetuded. In Fig. 4 we show two examples
for the simulation of the tracking of the mother iorf$’Hg) and the decay productd'{Tl and
210T]) in the ESR and CR. The separation between the orbits ofidlughter and the mother ions
are satisfactory for the chosen pocket positions. The tleteefficiency is relatively high since al-
most 100% of the deflected ions (which are not lost othervéiselletected by the particle detector.
The relative numbers of surviving daughter and granddaugbns after 16 turns are~ 52% and
~ 43% for the ESR and CR, respectively.

4. Outlook

We have presented a new method to meagurdranching ratios with storage rings. Proof-
of-principle tests at the existing ESR with'Hg, 212Hg, and?'3Tl are planned since they can be
directly compared with recently measured values from th& [3}. Later on, this method will be
extended to investigate well-knovn-standards (e.§/-2Br, ®*Rb, and'3"]). The planned particle
detectors will be designed as multi-purpose detectors avigger active area (up to 120x44 fm
which can be used not only f@n-measurements, but also for other decay channelsilike- and
p-decays.
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