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Abstract: A proposal is made to determine the single-neutron adding strengths in 3°K
via the *K(d,p) reaction. The focus is on the negative parity high-spin states, through
the terminating J™=13/2~ level, which make up one side of the T'=1/2 A = 39 mirror
energy differences (MEDs). Extraction of the neutron strength as a function of spin will
provide a unique perspective on the evolution of the MEDs between the 3°K-3*Ca pair.
Specifically, new insight will be gained as to whether changes in the makeup of the wave



functions, for instance an increase in one single-particle configuration over others, are
the root of the increase in the MEDs observed at higher .J. The proposed work will
provide the first direct data on the single-particle aspects of these levels involved in the
MEDs. The measurement will utilize the established techniques for single-neutron
adding (d,p) transfer at the ISOLDE Solenoid Spectrometer (ISS) and a 3*K beam
provided by HIE-ISOLDE at 7.5 MeV /u. A total of 9 shifts of beam time is requested.

Requested shifts: [9] total shifts over a single time-frame, no split.

Motivation

Mirror energy differences (MEDs) between analog excited states, when viewed as a func-
tion of total angular momentum J as MED(J) =E,(J,T, = +1/2) — E,(J,T, = —1/2),
provide isospin-symmetry tests along the collectivity plane. Additional insight into
the nature of the wave functions and the extent of the radii of the levels involved is
also possible by leveraging information from large-scale shell-model calculations (see
Refs. [1, 2, 3, 1, 5, 0] and those within). For nuclei with active orbitals in the 1s0d —0f1p
shell regions, MEDs have been determined up to and beyond pairs of levels consisting
of fully-aligned configurations. The T' = 1/2, A = 39 MEDs of *°K and 3°Ca, which are
central to the proposed work, have been determined up through J™ = 19/2~ as shown in
Fig. | [7]. Likewise, high-J MEDs for the A = 35 pair [%, 9] (*C1-**Ar) as well as for the
A =31 pair [10, I1, 12] (3*S-3!P) have also been observed.

These three sets of nuclei are structurally linked, each having an odd-N, odd-Z core
contained within the sd shell. Naturally, their MEDs track in a similar pattern as
a function of spin for both positive- and negative- parity states. In all cases, the
positive-parity states, expected to be dominated by sd-shell configurations, give MEDs
that are smooth and reside below ~ 50 — 100 keV. However, for the negative-parity
fp-shell intruder levels, larger MEDs of > —200 keV have been observed at larger J.
These are shown in the top row of Fig. 2 for the A = 35 and 39 cases. The abrupt
change in the MEDs have been thought to occur due to increased purity in their
single-nucleon configurations for one, or both, of the mirror states involved. However,
no experimental information exists on the single-particle content of the
involved levels. The negative-parity levels are anticipated to be primarily built upon
a neutron residing within the 0f7/, orbital and the largest MEDs have been observed
for J© > 13/27. Occupancy of the v1ps, orbital is also allowed at lower spin though
only expected to contribute significantly at high excitation energy due to the N = 28
gap surviving in this region. It is worth mentioning that the MEDs of the non-yrast
11/25 levels in the A = 35 and 39 systems are also larger than those of the lower J MEDs.
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Figure 1: Partial high-spin level schemes of the T,==41/2 A=39 mirror nuclei 3°Ca and 3°K
(adopted from Ref. [7]) and the corresponding mirror energy differences (MEDs) between the
yrast m = — fp-shell intruder levels.

The origin of the larger MEDs observed for the higher-J levels has been discussed in
terms of differences in the radii between the mirror levels and as a consequence of changes
in their underlying single-particle configurations [I, 2, 3, 7, 9, 10, [2]. For instance, it is
possible that a single-particle configuration, either proton or neutron, grows to dominate
the wave function at higher spin due to limitations in the configuration space. These
levels are in contrast to pairs of states where each have a balanced contribution from
both proton and neutron excitations. Hence, in the latter case the levels would present
similar radial sizes and more cohesive overlap. In our present case, and similarly for
the A = 35 case, the expectation is that as the cross-shell excitations (from within the
sd-shell into the fp-shell in this case) push towards higher-J, they do in fact become
increasingly dominated by a lone single-particle configuration (either pure proton or pure
neutron). The pinnacle of this concept is when the formation of the aligned state is
reached at maximum possible spin, Jy,q, = 13/27, where only the (0d3/2)%_5(0f7/2)}_; /2
configuration is possible. These arguments are certainly in line with the observed jump
in the MEDs from the yrast 11/2~ state to the yrast 13/2~ state for the A = 35 and 39
cases (top row of Fig. 7).

Single-neutron overlap values, (C?S), determined from shell-model calculations that were
performed with the FSU cross-shell interaction [I3], were investigated to quantify the
simple scenario presented above. The 0f7/, ¢ = 3 single-neutron overlaps between the
initial J = 3% levels in both 3¥™Cl and *®K with the final negative parity yrast levels
in 3Cl and 3°K, respectively, are shown on the bottom row of Fig. 2. The proposed
determination of the *K(d,p) data will provide the proper values in which to compare
with these calculations. An independent measurement to determine the values from the
31m(1(d,p) reaction has also been approved for beam time using the HELIOS spectrometer
located at the ATLAS Facility, Argonne, USA. As shown in the bottom row of Fig.
the C2S values for both mass sets follow a similar trend increasing in strength between
= 11/27 and 13/27. This increase in the single-neutron component follows directly
with the simple picture laid out above. Subtle differences do exist between the A = 35
and A = 39 cases, however, where the latter shows an increase in the fragmentation
or strength at lower J. It is possible that the additional nucleons residing within the
0Odsp orbital for the A = 39 systems contribute to larger core-coupling effects. The
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Figure 2: (top row) The measured Mirror Energy Differences (MEDs) for the yrast negative
parity states in the A=35 (left) and A=39 (right) 7=1/2 mirror systems. (middle row) The
data of the top row relative to the 7/2~ value and with the inclusion of the calculated MEDs as
adopted from Ref. [J]. The contribution from each component to the MEDs is indicated by the
different line types and noted in the caption (see text for details). (bottom row) The calculated
single-neutron overlaps (C2S values in Table 1) between the 3% level in the initial 7=0 nucleus
and the final 7 = — levels in the N + 1 systems. The C2S values are for ¢ = 3 transfer based on
the FSU cross-shell effective interaction [ 2] (note that no ¢ = 1 strength was predicted to any
of these yrast levels).

complementary data to be collected in the proposed A = 39 work and in the planned
work at ATLAS for the A = 35 case [ /] will be of great interest to these topics.

To further quantify the importance of the single-particle configurations on the present
understanding of the aforementioned MEDs, a deconstructed view of theoretical calcula-
tions for the A = 35 and 39 mirrors relative to their 7/2~ MED value are shown along the
middle row of Fig. 2 (as adopted from Fig. 4 of Ref. [0] and Figs. 30 and 31 of Ref. []).
Similar information is also shown in Fig. 5 of Ref. [17] for the A = 31 MEDs. The three
terms of the theoretical calculation include the multipole Coulomb term (Ecys), the elec-
tromagnetic spin-orbit coupling (Egjs0) and an orbital momentum coupling term (Eyg).
The Egyso and Eg terms highlight single-particle contributions to the MEDs as they
are proportional to occupancy differences (radii) between neutron and proton orbitals in
the neutron-rich versus proton-rich nucleus, respectively. Of these two, the Egys0 term
is largest. This is not surprising as the term is enhanced between nucleons in orbits of
opposite spin projections, in this case the Ods/; and 0f7/2 orbitals . The total sum of all



components show good agreement with the trends in both of the MED sets and reproduce
nearly all of the A = 39 data. In the A = 35 case, it is possible the lack of a quantita-
tive reproduction is due to a lack of inclusion of the lower Ods/, orbital, and hence, the
additional correlations associated with the larger valence space. The comparison of the
neutron-strengths between the A = 35 and 39 systems will also shed light on this point.

Table 1: The excitation energies and calculated single-neutron adding overlaps (C2S) from the
J = 37 states in 3¥™Cl and 3®K to their corresponding yrast negative parity states (and 11/ 25
states) in the N + 1 systems. The overlaps were calculated using the FSU cross-shell effective
interaction [!3]. Total count estimates were made incorporating an experimental acceptance of
60%, the C2S values plus a quenching factor of 0.6, a beam rate of 2x10° pps, a C'Dy target
thickness of 100 ug/cm? and cross sections calculated by the DWBA prescription.

34m (] 38]C
J; Jp 0 Ex  C%S Ex (C?S o [mb] Tot. Counts [8 shfits]
7/27 3 3.163 < 0.1 2.814 0.11 0.78 98
9/2= 3 4348 < 0.1 3.596 0.08 1.08 99
3F 1127 3 5407 < 0.1 3.943 0.39 1.36 607
13/2= 3 6.087 0.83 5.716 0.94  2.08 2238
11/2; 3 5927 022 5353 047 1.68 904

Focus of the Measurement

The goal of the proposed measurement is to extract the relative single-neutron
overlaps between the *K J = 3T ground state and the known yrast 7/2~
(2.814 MeV), 9/27 (3.596 MeV), 11/27 (3.943 MeV), and 13/2™ (5.716 MeV)
states, as well as the known non-yrast 11/2~ state (5.353 MeV), in 3°K. The
appropriate single-neutron adding reaction at the appropriate energy, **K(d,p)*K at
7.5 MeV/u, will be used. The access to higher-J states is made possible via ¢ = 3
transfer onto the 3K J = 3% ground state. This will be the first quantitative test of the
single-neutron nature of such high-J states in this A = 39 system. The data will provide
a sensitive test of the expected wave functions of these levels and quantitatively inform
the calculated Egyso and Ey single-particle contributions to the large relative MEDs
appearing in these nuclei. In addition, the A = 39 data will complement an approved
measurement to determine the same properties in the A = 35 system, 3°Cl [1 1], further
testing the description of the wave functions of these levels.

Experimental details

The 3¥K(d,p) reaction at 7.5 MeV /u on the J™ = 37 ground state will provide access to
negative parity states up through 13/2~ via ¢ = 3 neutron transfer (and the 3/27 - 9/2~
levels via £ = 1 or £ = 3). Only the K 3/2% ground state will be populated via ¢ = 2
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Figure 3: (left) A schematic of the experimental setup and the reaction kinematics for levels at
2.5 and 6.0 MeV in K and for each of their minimum and maximum covered center of mass
angles, 16° and 42°. The grey boxes represent the Si array coverage, the CDy target position
and the Si recoil telescope positions moving from left to right, respectively. (right) Calculated
angular distributions based on the DWBA prescription using the global optical model parameters
of Refs. [10, 17] for three different neutron orbital angular momentum (¢) transfer values to
indicate their distinct shapes. The grey band indicates the approximate accepted angular range
for the states of interest and the proposed experimental setup.

transfer with any sizeable amount in terms of the positive-parity states. The reaction
energy provides both excellent momentum matching for the ¢ = 3 neutron transfer as
well as distinguishable angular distributions between other possible ¢ values, most notably
¢ =1 (see Fig. 7). The experimental setup has been designed to ensure the acceptance of
excited levels between the yrast 7/27 and the yrast 13/2~ state (~2.5-6.0 MeV). The setup
also provides center-of-mass angular coverage of ~16° - 40° for these states covering the
peak of the ¢ = 3 distribution and more. It should be noted that a similar measurement
of the 3¥K(d,p) reaction has taken place at the ReA Facility at FRIB. The experiment
utilized the ORRUBA array and was done at a lower beam energy and with a composite
ground state / isomer beam [!]. In that work, in addition to the extra complications
provided by the composite beam, the focus of the reaction was on low-momentum transfer
to states of astrophysical importance and was not optimized for the higher ¢ = 3 neutron
transfer as is the case in the present work.

Beam

The 3K beam of interest is listed at rates of 1.8 x 10® Yield/uC in the yield database
which gives an estimated lower limit on the rate of 2 x 10° pps for an energy of 7.5 MeV /u
at the ISS. Under our preference for the use of the Ti rod target, the isomer content in the
3K beam is x100 below the ground state. Similarly, contamination from isobars, 3¥Ar in
particular, are able to be suppressed using a surface ion source, though if present are also
able to be distinguished by the Si recoil detectors. Whilst the preference is to use the Ti
rod target, if a Ti foil target is utilized in place of the rod, the isomer fraction is expected
to be different and so a measurement of the isomer fraction will take place to deduce its

6
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Figure 4: A simulated excitation energy spectrum of the 3°K levels populated in via the proposed
38K (d,p) reaction. Levels up to 6 MeV in excitation, all of which are known experimentally, were
included with the expected resolution of 125 keV FWHM. The relative peak intensities include
the calculated spectroscopic overlaps (C2?S values in Table 1), the relative cross sections and
distributions from the DWBA calculations (¢ = 1 in green, £ = 2 in red, and ¢ = 3 in blue) as
well as the experimental setup constraints. The total counts reflect those estimated in the last
column of Table |. The inset shows the positioning of the levels in proton energy vs. distance
from the target.

level.

The experimental setup

The experimental setup of the ISS will match those used previously to carry out (d,p)
reactions in this mass region such as the successful 2’ Na(d,p) and “°Ca(d,p) experiments.
The ISS Si array will be located upstream of a 100 ug/cm? CD, target (z = 0 mm)
ranging from from —680 mm < z < —180 mm. This arrangement accept protons from
O.m ~16°-42° for the states in 3K ranging from ~2.5-6 MeV in excitation energy. K
recoils will be identified event-by-event using a Si telescope (AE = 65 pm, E = 1000 pm)
placed downstream of the target location (z = 1000 mm). A 15 mm diameter blocker will
be placed in front of the Si telescope to stop un-reacted beam while also allowing for the
center-of-mass angular range of the protons noted above. Fig.  shows schematically the
trajectories for protons and recoils from the lowest and highest excitation energy states
of interest.

A simulated excitation energy spectrum for the **K(d,p) reaction at 7.5 MeV /u is shown
in Fig. | for all levels with predicted C?S values > 0.1 and for an expected resolution
of 125 keV FWHM. It should be emphasized, that by definition of the MEDs, all states
of interest have known energies to within ~ 1 keV and so are their spin-parity values
which define the /-transfer values. Our goal therefore is to determine the relative
intensities of the peaks in the selective one-neutron adding (d,p) reaction. In
Fig. | and Table |, the relative overlaps (C?S) for the reaction have been calculated
using the successful FSU cross-shell effective interaction [!3]. As shown in Fig. |, only a
single state is predicted to carry sizeable strength from ¢ = 1 transfer below ~6 MeV in



excitation energy (7/2, state at 5.0 MeV). It should be pointed out that though unlikely,
if a comparable amount of the J = 07 isomer were to present in the **K beam, ¢ = 3
transfer would occur only to states having J = 7/27. Therefore, the isomer content would
not impact the J =9/27,11/27, or 13/2~ single-neutron strengths. Furthermore, states
populated via transfer on the isomer appear with a known shift in their ()-value by the
130 keV value of the isomer, as in Refs. [19, 20, 21].

Summary of requested shifts: We request 9 shifts of HIE-ISOLDE beam time, 8 of
those for data collection and an additional shift for the refinement of the experimental
setup and beam tuning. The beam-time estimate is based on the demand for experimental
sensitivity (= 100 counts) for states with spectroscopic factors down to the 10% level of
the expected aligned 13/2~ state (see Table ). The average ¢ = 3 cross section is around
1.5 mb integrated over the accepted angular range. Combining this information with a
total 33K beam rate of 2 x 10° pps, a CD, target thickness of 100 pg/cm?, an experimental
acceptance of ~ 60%, and a quenching factor on the single-neutron strengths of 0.6, >2000
counts are expected in the 13/2~ state and on the order of 100 counts are expected in the
yrast 9/27 and 11/2 levels (Table 1).
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DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: ISOLDE solenoidal spectrometer

Part of the Availability | Design and manufacturing

X Existing | X To be used without any modification

1SS O To be modified

O New O Standard equipment supplied by a manufacturer

O CERN/collaboration responsible for the design
and/or manufacturing

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Hazards
named in the document relevant for the fixed [MINIBALL + only CD, MINIBALL + T-
REX] installation.

Additional hazards:

Hazards

Thermodynamic and fluidic

Pressure

Vacuum

Temperature 4K
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Heat transfer

Thermal properties of
materials

Cryogenic fluid LHe, ~1650 1, LNy,
~200 1, 1.0 Bar

Electrical and electromagnetic

Electricity 0V, 300 A

Static electricity

Magnetic field 25T

Batteries

Capacitors

Ionizing radiation

Target material Deuterated  polyethy-
lene

Beam particle type 38K

Beam intensity 2x108 pps

Beam energy 7.5 MeV/u

Cooling liquids

Gases

Calibration sources: X

e Open source X (v calibration
sources)

e Sealed source

e [sotope

e Activity

Use of activated mate-
rial:

e Description

e Dose rate on contact
and in 10 cm distance

e [sotope

e Activity

Non-ionizing radiatio

Laser

UV light

Microwaves (300MHz-
30 GHz)
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Radiofrequency (1-300
MHz)

Chemical

Toxic

Harmful

CMR (carcinogens,
mutagens and sub-
stances toxic to repro-
duction)

Corrosive

Irritant

Flammable

Oxidizing

Explosiveness

Asphyxiant

Helium

Dangerous for the envi-
ronment

Mechanical

Physical impact or me-
chanical energy (mov-
ing parts)

Mechanical properties
(Sharp, rough, slip-
pery)

Vibration

Vehicles and Means of
Transport

Noise

Frequency

Intensity

Physical

Confined spaces

High workplaces

Access to high work-
places

Obstructions in pas-
sageways

Manual handling

Poor ergonomics
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Hazard identification:

Average electrical power requirements (excluding fixed ISOLDE-installation mentioned
above): N/A
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