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The aim of the proposed experiment is to carry out mass-measurements of neutron-rich *-***'"3K
313230 and ***Sc isotopes using TITAN. This will constrain nuclear structure models which predict
appearance/disappearance of magic numbers at N = 32-34. The Z = 20 proton shell closed, and thus
the neutron-rich calcium isotopes provide a unique opportunity to delineate neutron shell structure
above N = 28; especially, the information on the ordering and on the location of the ps;, p12 and {5,
single-particle orbitals, that are sensitive to the binding energy. In this TITAN experiment, five
masses will be measured for the first time and 6 others will be improved, and will provide additional
accurate reference-masses, that are indispensable for calibrating data of lesser precision in that region.

These measurements are complementary to the mass-measurement programs using time-of-

flight/rigidity analysis performed at the GANIL-SPEG facility [1], and more recently at MSU-
NSCL’s S800 facility [2].

Experimental device: TITAN
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TRIUMF SUPPORT:
Summarize all equipment and technical support to be provided by TRIUMF. If new equipment is required, provide cost estimates.

NOTE: Technical Review Forms must also be provided before allocation of beam time.

NON-TRIUMF SUPPORT:
Summarize the expected sources of funding for the experiment.
Identify major capital items and their costs that will be provided from these funds.
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Summarize possible hazards associated with the experimental apparatus, precautions to be taken, and other matters
that should be brought to the notice of the Safety Officer. Details must be provided separately in a safety report to be
prepared by the spokesperson under the guidance of the Safety Report Guide available from the Science Division

Office.

The TITAN facility will operate with low levels of radioactive beam. Radioactive hazards are not
envisaged during the experimental runs. When the beam line has to be opened standard ISAC
procedure will be followed to check for contamination. Other potential hazards areas include the
charge breeding EBIT (X-rays) and the high voltage operation of the RFQ and the EBIT. All three
areas will have been safety commissioned by the time the experiments will be carried out. Local
shielding for the x-rays and a lock-out procedure for the HV Faraday cages will be in place.




Abstract

The aim of the proposed experiment is to carry out mass-measurements of neutron-rich *-***'"*3K
313230 and ***Sc isotopes using TITAN. This will constrain nuclear structure models which predict
appearance/disappearance of magic numbers at N = 32-34. The Z = 20 proton shell closed, and thus
the neutron-rich calcium isotopes provide a unique opportunity to delineate neutron shell structure
above N = 28; especially, the information on the ordering and on the location of the ps;, p12 and {5,
single-particle orbitals, that are sensitive to the binding energy. In this TITAN experiment, five
masses will be measured for the first time and 6 others will be improved, and will provide additional
accurate reference-masses, that are indispensable for calibrating data of lesser precision in that region.
These measurements are complementary to the mass-measurement programs using time-of-
flight/rigidity analysis performed at the GANIL-SPEG facility [1], and more recently at MSU-
NSCL’s S800 facility [2].

1. Motivations

Nuclear structure changes are theoretically predicted in neutron-rich nuclei [3]. Deformations, shape
coexistence or variations in the spin-orbit strength as a function of the neutron to proton ratio could
provoke the modification of magic numbers. Such behaviour has consequences in other domains, as
seen for example in nucleo-synthesis, where a quenching of shell effects, and consequently of spin
orbit splitting, can provide for a better agreement between model calculations and observed
abundances [4]. Experimentally, nuclear binding energies are very sensitive to the existence of shell
structure and may provide clear signatures of new shell closures [5]. For instance, mass measurements
[6] following Coulomb excitation studies [7] and theoretical calculations [8] have already given clear
evidence of the disappearance of the N=20 magic gap, as in, >’Mg,o due to the intruder deformed
configuration coming from the next oscillator shell. A similar disappearance of the N=28 magic
number was evidenced from the determination of the lifetime [9] and deformation [10] of **Sys, as
well as mass measurement [11] of neutron rich nuclei around N=28 for CI, S and P isotopes. Both the
shell model and relativistic mean field calculations showed that deformed prolate ground state
configurations, associated with shape coexistence, are necessary to account for the experimental
results.

In the fp shell, the relative energies of the ps., pi2 and fs,, orbits and their evolution as a function of
valence proton numbers determine where sub shell closures takes place. Most of the shell model
effective interactions predict a sub shell closure at N = 32 for Ca nuclei. Confirmation of this subshell
gap has already been achieved that are based on the results of beta-decay measurements, B(E2)
transition strengths, and the high-spin structure of the even-even *°Cr and **Ti nuclei. Recently, a
new effective interaction, labeled GXPF1, for use in the full pf shell was proposed by Homma et al
[12]. Shell-model calculations with this interaction reproduced very well the systematic variation in
the energy of the fist excited 2+ states for the Cr nuclei around N = 32, as well as that of the high-spin
states in the even-even Ti isotopes. An intriguing result of these calculations is the expectation that a
sizable energy gap should occur in the neutron single-particle energies between the p;, and 7,
orbitals, leading to the development of N=34 as a new magic number for neutron-rich nuclei (as
shown in Figure 2). The shell-structure evolution is expected to be reflected in mass measurements.




Furthermore, the masses of most of these neutron-rich nuclei have never been measured or have been
obtained with large uncertainties [12] (AM = 700 keV for °*Ca, AMEO3). Presently, TRIUMF ISAC
facility offers a unique opportunity to produce very neutron-rich nuclei of interest. Very recently,
E1064 experiment has successfully measured the low-energy quantum structure of neutron-rich
3152333 jsotopes populated following the B decay of >'***°K, using the 8Pi setup.

With this background we propose to measure masses of neutron rich *%*'°?>*K 31233 and ****Sc
in that region, that would constraint on nuclear-structure models.

The new data will also provide additional accurate reference masses indispensable for calibrating the
data of lesser precision in that region obtained recently at NSCL [2] and scheduled at GANIL [1].
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Fig. 1. Effective single particle energies from the GXPFI interaction.

2. The proposed experiment

The radioactive ion will be produced by an ionization and isotope separation following the
bombardment of thick production targets with high intense of 500 MeV protons from TRIUMEF’s
main cyclotron. With the recent development of suitable ion sources (e.g. surface and the TRIUMF
Resonant Laser Ion Sources (TRILIS)) and the capability of handling proton beam intensities on
target of up to 100 pA, it would be possible to carry out accurate mass measurement of **°K, °'3Ca
and ***Sc (see figure 2).




Figure 3 shows yield measurement of K, Ca, Sc, Ti and V elements obtained last year with 55 pA of
proton beam bombarding a high power Ta target. During this run, surface ion source was used. In
addition, the use of TRILIS ion source will enhance the Ca yields by a factor 5, as tested recently.
This improvement in beam-intensity combined with high proton-intensity, of the order of 85 pA (gain
of about a factor 2), is expected to give a significant improvement in the production rate for those
isotopes.
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Fig 3. Yield measurement obtained in 2005 with a beam intensity of 55 uA on high power tantalum
target.




Table 1 summarizes the list of isotopes to be measured at TITAN; Given is the isotope, half-life,
present mass uncertainty from [AMEO3], uncertainty that can be achieved with TITAN (assuming
3000 measured ions). In addition the production method, yields are given.

Isotope | Half-live | Present Am TITAN Am (Expected)Yield | Ion source
YK 1.26's 70 keV <1.10° 2¢10° Surface
K 472 ms 280 keV <1.10° 1+10* Surface
ST 365 ms unknown <1.10° 2:10° Surface
2K 105 ms unknown <1.10® 1+10° Surface
K 30 ms unknown 1.10° 5¢10° Surface
*ICa 10's 90 keV <5.107 9¢10* TRILIS
*Ca 4.6s 700 keV <5.107 810° TRILIS
*Ca 90 ms unknown 5.10” 7107 TRILIS
>1S¢ 124 20 keV <5.107 1+10° Surface
2S¢ 8.6 190 keV <5.107 810° Surface
38 >3s unknown 5.10” 1-10° Surface

The experiment will be carried out with the TITAN facility. The isotopes from ISAC will be delivered
to the experiment located in the low-energy area of ISAC I. The continuous beam will be brought into
the linear cooler and buncher RFQ (RFCT), where it will be cooled via interactions with buffer gas,
followed by bunched extraction. The kinetic energy of the beam extracted from this device can be
adjusted and will be ~ 2-4 keV.

The ion bunch is transferred to the Electron Beam Ion Trap (EBIT) for charge breeding. The ions will
be stored and charge bred for a specific time and the electron beam energy can be adjusted. Then the
ion bunch is mass-to-charge selected employing two Wien filters (WIFI 1&2). This provides a beam
of only one charge state, and eliminates possible isobaric contamination. The final step is the mass
measurement in a Penning trap (MPET) employing a time-of-flight method. A description of the
system can be found in [14,15] and a schematic is shown in figure 4.




Legend:

ISO: ion source

RFCT: RF cooler trap

EBIT: electron beam ion trap
WIFI: Wien filter

CPET: cooler Penning trap

MPET: Measurement Penning trap
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Fig. 4 Schematic of the final layout of TITAN.

The actual mass measurement is done in the following way using the Penning trap mass spectrometer.
Penning traps are the most precise devices to measure masses and our system is designed to carry
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Figure 5. Typical Penning trap a) the geometry and coordinate system; the hyperbolic electrodes
create harmonic potential of the form V(x,y,z) = A(z* — (x*+°)/2); uniform magnetic field is directed
along z-axis B=B,:. b) ion motion inside the Penning trap consists of three characteristic modes.
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Along z-axis ion oscillates with axial frequency w.. In the x,y-plane the ion motion is a combination of
two circular motions with fast modified cyclotron frequency w- and slow magnetron frequency w-.




out measurements of atomic masses with an accuracy of dm/m<1+10, even for radioactive isotopes
with half-lives well below 100 ms. In the center of such a spectrometer is the set of hyperbolic
electrodes placed in the strong magnetic field, schematically shown in figure 5.

The measurement consists of the following steps.

1. Ion injection. The electrostatic potential is removed and a few ions are allowed to drift into the
trap. When the ions are in the trap, the potential is raised to confine them. The closing time should be
optimized so that the energy of the resulting axial oscillations is minimal. The ion motion after
injection is mostly magnetron and axial oscillation, with minimal cyclotron motion.

2. Quadrupole RF excitation. An external RF field of the form Vg = VQ(O) (x> — yH)x cos(mqt) is
overlapped onto the electrostatic trapping potential for the measurement time interval Tgg. It converts
the magnetron motion into the cyclotron motion of the same amplitude if the resonant condition

is satisfied. The width of this resonance is given by the inverse of the excitation time Tgrp, which
determines the resolving power of this measurement method

M o T IN=9LT N |
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where N is the statistical improvement factor. Ideally one would try to increase the excitation time as
much as possible. However, in the case of stable ions, this is limited by the storage time in the trap,
and in our case of short-lived isotopes it is limited by the decay half-life of the ion.

3. Ejection and TOF measurement. After RF excitation the ions are released from the trap by
gradually lowering the electrostatic potential along z-axis. The resonantly created cyclotron motion
has the same amplitude as the initial magnetron motion. Since w;/®- >>1 (typically by several orders
of magnitude) the energy and magnetic moment of the ion are drastically increased during the RF
excitation. Upon ejection, the ion drifts outside the magnetic field region. On its way it passes through
the region with the high gradient of the magnetic field. Here, the ions are accelerated proportionally to
their magnetic moment. Thus the ions with high magnetic moment will have a shorter time-of-flight
(TOF). This allows one to unambiguously detect the resonant conversion of the magnetron motion
into the cyclotron motion, hence the resonant frequency, which is directly proportional to the mass.
The schematic and an example is depicted in figure 6.
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Fig. 6 Left: schematic of the TOF method, where the released ions move through the inhomogeneous
magnetic field; right: TOF spectrum, shown is the excitation frequency versus the TOF. The minimum
resonance corresponds to the cyclotron frequency, hence allows the mass determination.

Figure 7 shows the relative accuracy of Penning trap spectrometers as a function of measurement
time, in sets of magnetic field strength B and charge state g of the ions. The TITAN system with a
magnetic field of 4T will allow measurements with accuracies of better than dm/m < 110 on
isotopes with half-lives as short as 20 ms, when ions with charge states of q = 20 are used.
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Fig.7 Relative accuracy of the Penning trap measurement as a function of observation time (typically
two nuclear half-lives correspond to the applicable observation time). The different sets of graphs
represent different charge states q and different magnetic field strength B. The case shown is for 10
000 ions at mass 100.




3. Requested beam time

The requested beam time is based on the assumed efficiency (60% for cooling, 60% for breeding,
80% for cleaning and 50% for measuring), a reasonable constant radioactive beam current, required
time for magnetic field calibrations for the measurement magnet, and optimization procedures for the
EBIT.

For the most exotic nuclei, the following estimation could be made:

For >*Sc (0.9s), 700 ions/s are expected. The measurement will be carried out by breeding the Sc to
charge state q =19 (breeding time about 30 ms at 4500 eV electron beam energy), corresponding to
the closed He-shell structure. At a Penning trap excitation time of 100 ms and N=3000 a resolution of
dm/m = 5.10” can be reached.

For **Ca (90ms), 700 ions/s are expected. The measurement will be carried out by breeding the Ca to
charge state q =18 (breeding time about 30 ms at 4100 eV electron beam energy), corresponding to
the closed He-shell structure for Ca, but only breeding to a maximum of a 3-electron system for Sc.
At a penning trap excitation time of 100 ms and N=3000 a resolution of dm/m = 5.10” can be reached.

For K (30ms), 500 ions/s are expected. The measurement will be carried out by breeding the K to
charge state q = 17 (breeding time about 30 ms at 3600 eV electron beam energy), corresponding to
the closed He-shell structure only for K, excluding heavier isobar contamination. At a penning trap
excitation time of 30 ms and N=3000 a resolution of m/m = 1.10"® can be reached.

Summarizing the duty cycle in the case of *Sc and for 700 incoming ions /s,

- 100 ms cooling X 60% efficiency X decay losses = 36 ions

- 30 ms breeding X 60% efficiency X decay losses = 21 ions

- 100 ms cleaning X 80% efficiency X decay losses = 14 ions

- 100 ms measuring X 50% efficiency X decay losses = 6 ions
we obtained an average of 6 ions per cycle in the measurement Penning trap. The same estimation
could be carried out for **Ca and K. Due to their shorter halt life, the cycle will have to be optimized
to get around 1 ion per cycle. The measurement will be difficult in the case of > K (Ty;, = 30 ms) but
may be possible as no cleaning time will be necessary (no contamination is expected after the charge
breeding).

We requested a total of 20 shifts. 3 shifts will be allotted for the set-up of each elements (Sc, Ca, K)
and 1 shift for each isotope measurements. This time estimate could be adjusted, within the 20 shifts,
according to each isotope. The measurements don’t need to be allocated in a single experiment but
could be broken up to allow for more flexibility and additional off-line optimization.
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Structure of light exotic nuclei 6,8He and 10,11C from (p,p’) reactions.
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