Intermediate states of double-beta decay nuclei studied by (n,p) reactions
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1 Introduction

The double 3 decay with two neutrinos in the final state (2033 decay) is an allowed second-order weak process
which has been observed for a number of nuclei. The decay measurements provide the nuclear matrix elements
M?¥ which can be compared with the nuclear structure calculations. The understanding of M?2¥ is important
since it helps one to make reliable predictions of the nuclear matrix elements of neutrino-less double 3 decay
(0vBS decay). If OvB(-decay event is observed, it means that the neutrino is a majorana particle whose mass
is related to the life time through the nuclear matrix element M.

The double 5~ nuclear matrix element of 2v33 decay from the initial 0" state |0ig's'> to the final state \Ogs)
is given by
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Here the summation is taken for all 11 states in the intermediate nucleus. The @Q-value of the 2v33 decay is
denoted as Qgg, E(1},) — Ey is the energy difference between the m-th intermediate 11 state and the initial
ground state. The GT operator Ogr- is ), oxt; taking sum over all the neutrons of the decaying nucleus
and it involves spin and isospin transfer (AS = AT = 1) without change in angular momentum (AL = 0).
The deliminator is the product of the Gamow-Teller (GT) matrix element from the mother nucleus to the m-th
state in the intermediate nucleus, and that from the m-th state to the ground state of the daughter nucleus.
Since the nuclear matrix element depends on details of the wave functions, it is difficult to predict the half lives
theoretically so far [1].

Currently two experimental approaches exist aiming at putting constraint on the inputs of the theoretical
calculation, such as effective interactions. One is to derive the population of nucleons in the valence orbits
which can switch from neutrons to protons by employing stripping or pick-up reactions from mother or daughter
nuclei [2]. The other approach is to observe the GT matrix elements in Eq. (1) by means of the charge exchange
reactions.

As for *Ca nucleus, the B(GT) distributions in the low lying states in *¥Sc were studied by the high-
resolution measurement of “®Ca(*He,t)*®Sc reaction at WS course [3] and the #8Ti(d,?He)**Sc reaction at
KVI [4]. A set of similar measurements exist for 'Cd [5, 6]. However, the level density increases with the
excitation energy and it is impossible to identify each 17 states in the intermediate nuclei. Therefore, we started
experimental study of the (p,n) and (n,p) reactions on the double-beta decay nuclei at 300 MeV, from which
one can extract the B(GT) distributions in and above the giant resonance regions by multipole decomposition
(MD) analysis [7].

In MD analysis, the experimentally obtained angular distributions o**P(6, E,;) are fitted using the least-
squares method with the linear combination of calculated distributions,

o0, By) =Y annoXi (0, Es), (2)
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where the variables aa, are fitting coefficients. The calculated angular distributions for each angular momentum
transfer 0%1°(6, E,) are obtained using the distorted wave impulse approximation (DWIA) calculations. It
should be noted that at 300 MeV the spin-flip cross sections are large, distortion effects are minimal and
therefore the characteristic shapes of the angular distributions for each angular momentum transfer are most
distinct. The B(GT) distribution is obtained from AL = 0 component of cross section, oar—g, by using the
proportionality relation,

oarL=o(q,w) = éar(g,w)B(GT), (3)
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where Ggr is the GT unit cross section and F(g,w) is the kinematical correction factor which depends on
momentum and energy transfers.

Completed the (p,n) measurements on **Ca and 1'6Cd [8], we measured the cross section spectra for the
48Ti(n, p)*8Sc and the 16Sn(n, p)!tIn reactions to study the B(GT™) distributions up to high excitation energy
region of ~ 50 MeV.

2 Experiment at RCNP (n,p) facility

A facility capable of investigating (n,p) reactions at intermediate energies was constructed by utilizing the
Large Acceptance Spectrometer (LAS) [9]. The facility allows one to use a relatively thick target in total
(~ 0.5 g/cm?) with a moderate energy resolution of ~ 1 MeV. The effective solid angle and the angular range
covered by one spectrometer setting are 11 msr £2.7° and 11 msr, respectively, for an effective target size of
30W x 208 mm? [10].

The neutron beam is produced from the primary proton beam by a (p,n) reaction. The ejectile neutrons
then bombard a secondary target. The recoiled protons due to (n, p) reactions are momentum-analyzed by LAS.
A schematic drawing of the facility is shown in Fig. 1.

2.1 Neutron beam

A quasi mono-energetic neutron beam is produced by the "Li(p,n)"Be(g.s. + 0.43 MeV) reaction, which has
a large center-of-mass cross section of 27.0 + 0.8 mb/sr at 0° over a wide incident energy range of T, = 80—
795 MeV [11]. A typical energy spectrum at 7, = 295 MeV is shown in Fig. 2. The largest peak in Fig. 2
consists of the ground state and the unresolved 0.43 MeV state in “Be, which together contribute to the effective
neutron beam energy spread of ~ 0.5 MeV.

A proton beam is provided by the high intensity polarized ion source (HIPIS) [12] or NEOMAFIOS ECR
ion source [13]. The beam is then accelerated by AVF (Azimuthally Varying Field) and Ring cyclotrons. The
beam is transported to the (n,p) facility through the WS course [14].

The primary beam is transported onto the "Li target and is then bent away by a clearing magnet [15] to the
beam dump in the floor 15 m away from the “Li target. The 7Li target is in the neutron production chamber,
which is placed in the pole gap of the clearing magnet. To reduce background events, a charged particle blocker
and two collimators are placed inside and outside the vacuum chamber, as shown in Fig. 3. The neutron beam
passes through the vacuum window of 10 pm® aramid and is collimated to 30" x 20"mm? by the outside
collimator.

To use the neutron beam efficiently, the distance between the production target and the secondary (n,p)
target is designed to be 95 cm, the shortest distance possible. Before entering the (n, p) target box, the neutrons
pass through a plastic scintillator with a size of 40V x 34" x 1* mm3. Signals from the scintillator are used to
veto charged particles coming from the beam line.
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Figure 4: A schematic of the MWDC
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Figure 3: Layout of the neutron production chamber and the
MWDCs. The neutron production chamber is located in the
pole gap of the clearing magnet.

2.2 (n,p) target system and MWDCs

A segmented (n,p) target is used, which allows for the use of a relatively thick target in total with a moderate
energy resolution. Target segments are separated from each other by a plane of multi wire drift chambers
(MWDCy) for identification of the specific target from which a scattered proton is emitted. For tracking
purposes, two sets of MWDCs are installed as shown in Fig. 3; MWDC; in the target box and MWDC,
positioned downstream from the target box.

The target system has four target positions separated from one another by the MWDC planes. T4 234, as
shown in Fig. 4. The first target, 71, is positioned on the LAS pivot axis (the designed target position of LAS),
while the others are sequentially positioned at intervals of 17 mm. Figure 5 shows the front and the side views
of the target box from left to right, respectively. Four vertically oriented target ladders are installed at T 234
positions. Four targets are mounted on each target ladder and they can be changed individually.

In front of each segment of the target T;, a MWDC plane X; is positioned, as shown in Fig. 4. The first wire
plane, X7, positioned just after the entrance window of the target box, may be used to veto charged particles.
The other three wire planes, X5 3 4, are used to determine the target in which a reaction has occurred.

One advantage of the segmented target system is that events from different targets can be obtained simulta-
neously. Typically, three targets of interest are positioned in the first three 77 » 3 locations, and a polyethylene
(CHy) target is positioned in the most downstream, T}, position to obtain the 'H(n,p) data simultaneously.
Thus, the measured (n,p) cross sections can be normalized to the well-known 'H(n, p) cross section [16].

Both MWDC; and MWDC, consist of 6 wire planes, and each wire plane shares the cathode plane of
6 pum® carbon-aramid foil. (see Fig. 6). Each wire plane consists of 16 anode wires and 17 field shaping wires
alternately stretched out at 2.5-mm intervals. The wires are set vertically for MWDC, and for the first two
planes of MWDC);, and thus are sensitive to the horizontal direction (X). The wire positions for the second
plane (X') of MWDCT are shifted by a half cell with respect to the X plane to solve the left-right ambiguities.
The wires in the third and fourth planes are inclined by 4+45° with respect to the vertical axis, and are sensitive
to U direction. Similarly, the fifth and sixth planes, inclined by —45°, are sensitive to V' direction. Therefore
the wire configuration of MWDC)\, as a whole, is X X'UU'VV’. The wire configuration of MWDC3, located
25 cm downstream from MWDC1, is the same as that of MWDC;, however, it is rotated by 90° around the
beam axis; thus, it has a YY'(=V)(=V)'UU’ configuration.

The gas in the target chamber is a mixture of Ar (90%) and CO4 (10%), which is a hydrogen-free, high gain
mixture [17]. Chamber gases containing hydrogen are avoided since the 'H(n,p) reaction would give rise to a
large background. Anode signals are preamplified by REPIC RPV-041, and then amplified and discriminated
by LeCroy 2735DC. The time information is digitized by LeCroy 3377 TDCs.
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Figure 5: Front and side views of the (n, p) target box.

The hit-rate of each plane was typically 500 kHz, mainly due to the protons from the “Li target. An efficiency
of > 97% and a position resolution of 0.4 mm per plane were maintained throughout the measurements.

2.3 Targets

The typical beam intensity was 300 nA and the thickness of the “Li target was 320 mg/cm?, which pro-
duced 2 x 105 neutrons/s on the effective target region. Three 116Sn targets with thicknesses of 406, 338, and
419 mg/cm? and a polyethylene (CHy) target with a thickness of 46 mg/cm? were mounted in the (n,p) target
box. The number of 'H(n, p) events from the CHy target was used for normalization of the neutron flux. In the
measurements of *8Ti(n, p) reaction, three 8Ti targets of ~ 300 mg/cm? and a "Li target of 210 mg/ cm?® were
used. Blank target data were also taken for background subtraction.

3 Result — current status and perspective

We have obtained the double differential cross sections up to 40 MeV excitation energy over an angular range
of 0°-12° in the laboratory frame. Figures 7 and 8 show some of the obtained spectra for the *8Ti(n, p) and
16Sn(n, p) reaction, respectively. The overall energy resolutions estimated from the target thicknesses are
1.2 MeV for the *8Ti(n, p) spectra and 1.4 MeV for the *6Sn(n, p) spectra. The upper panels show the spectra
at 0°, where the AL = 0 component of the cross section is at maximum while the lower panels show those at
angles where the AL = 1 component take the maximum cross section. There are two peaks in Fig. 7 at 3 MeV
and 6 MeV. The amplitude of the 3-MeV peak decreases with angle and this peak can be attributed to GT 1+
states observed also in the previous (n,p) and (d, ?He) measurements [18, 4]. The cross section of 6-MeV peak
does not change much with angle, but might contain some AL = 0 component although Ref. [18] attributes
it mainly to the AL = 1 transition. The ''%Sn(n,p) spectra have no clear indication of forward-peaking GT
contribution except the ground state for which the B(GT) is known to be 0.256 & 0.001 [19]. The multipole
decomposition analysis will be performed to identify the GT component of the cross in the continuum.

GT excitations in (n, p)-type reactions on N > Z nuclei are blocked due to the Pauli-blocking of states which
are occupied in neutron-rich nuclei. Therefore the B(GT™) distributions studied in this work are more sensitive
to the ground state correlations than the B(GT™) distributions. It will be interesting to compare the whole
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Figure 7: Double differential cross sections
for the *8Ti(n, p) reaction at 300 MeV as
a function of the excitation energy in *®Sc
and the reaction angle.

Figure 8: Double differential cross sections for the '¢Sn(n, p)
reaction at 300 MeV as a function of the excitation energy in
116Tn and the reaction angle.

B(GT) distributions with theoretical predictions since the data will constrain the inputs of the calculations
more stringently.

4 Summary

We performed the measurements of the 8Ti(n,p) and 16Sn(n, p) reaction to study the distributions of 3+ GT
strength which contribute to the decay process of 48Ca and '16Cd, respectively. The (n,p) facility is described.
It produces 2 x 10% neutrons/s on an effective target region of 30V x 20"mm? in a typical run condition. The
angular range and the solid angle covered by one spectrometer setting are £2.7° and 11 msr, respectively.
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