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Low Temperature Nuclear Orientation (LTNO) experiments can probe
magnetic properties of nuclei. The presence of PolarEx at the ALTO facil-
ity allows to perform these kind of on-line experiments with neutron rich
beams. This paper presents the formalism of the LTNO technique and
the set-up of PolarEx. It focuses on the analysis process for multipolarity
mixing ratio extraction.
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1. Introduction

In a nucleus, the multipole mixing ratio ¢ for a given gamma-ray transi-
tion is proportional to the ratio of two multipolarity matrix elements for this
transition (e.g. E2/M1). Therefore, it gives a direct access to information
about both the electric and magnetic properties, and about reduced transi-
tion probabilities B[E(M)L]. In this way, the § value broadens our knowledge
about nuclear level structure and transition properties [1].

Experimentally, the mixing ratio can be derived from angular distribu-
tion measurements using the Low Temperature Nuclear Orientation (LTNO)
technique. One can measure such a distribution from an oriented nucleus,
strongly improving the sensitivity. When it is coupled to On-Line implan-
tation of radioactive beam, it becomes a powerful tool for such studies. At
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Orsay, the PolarEx (Polarization of Exotic nuclei) set-up is being installed
at the ALTO facility [2] and it will give access to On-Line Nuclear Orienta-
tion of neutron rich nuclei. Thus, with its versatility, PolarEx is perfectly
adapted to study the nuclear interaction and, moreover, it gives direct access
to nuclear magnetic moments and hyperfine magnetic fields.

In this paper, we focus on the analysis methods to extract § values from
data obtained with LTNO experiments, and we discuss the complementarity
of the two methods.

2. Low Temperature Nuclear Orientation

When a nucleus has a non-zero spin f, it has a magnetic moment ji which
interacts with a magnetic field, B, through the Hamiltonian

H=-B-ji=—pngB-T, (1)

where pn is the nuclear magneton and g the gyromagnetic factor. The
eigenvalues of the Hamiltonian are the energy levels E,,, = —gBmun, where
m is the eigenvalue of the spin projection. One can see in Fig. 1 that the
interaction with a magnetic field produces a Zeeman splitting which lifts the
nuclear spin degeneracy. These sub-levels are populated with respect to the
Boltzmann distribution
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where p(m) is the population of the sub-level m, k the Boltzmann constant
and T the temperature. Under normal conditions, the thermal energy is
much higher than the energy difference between sub-levels (E,, < kT'). As
a result, the sub-levels are nearly equally populated and the nucleus is non-
oriented (Fig. 1, left). By decreasing the temperature to a value close to the
energy difference between sub-levels (E,, ~ kT), the populations become
different for each sub-level. The nucleus is thus oriented (Fig. 1, right).

In LTNO experiments, the anisotropic decay products of the oriented
nucleus of interest is observed and described by the angular function W (6).

Considering a gamma emission detected at angle 8 with respect to the
polarisation direction, the anisotropy is described by the ratio between the
number of gamma detected when the nucleus is oriented (N.oq) and when
it is non-oriented (Nyarm). Experimentally, the angular distribution is given

by W () = Noeoa (0)

warm 0)"




PolarEx, a Future Facility for On-line Nuclear Orientation at ALTO . .. 593

Energy
S my=] S my=]
7 : /7
// ' // \
. \\ 4: my=0 — \\ \\\ m[:()
N : N N
\—'—mf,—:—l \—‘~mf:-l
B#0 B#0
“Warm” (>1K) “Cold” (<100mK)

Fig. 1. Population evolution following a Boltzmann distribution for the case I = 1.
On the left-hand side, the nucleus is non-oriented (warm), and on the right-hand
side, the nucleus is oriented (cold).

3. PolarEx set-up

The very low temperatures needed to measure the angular distribu-
tion W(6) of a sample, are achieved with a 3He-*He dilution refrigerator
(Fig. 2 (a)). Its power ranges from 20 W at 25 mK to 2 W at 10 mK. It
can lower the thermal energy to 7 mK to orient the nuclei, and it cools a
magnet to reach its superconducting phase.

(a) The dilution unit (b) The cryostat and detection system

Fig.2. The PolarEx experiment.

The nuclei are implanted into a ferromagnetic material fixed on a “cold
finger” located at the center of the magnet. This magnet is made of multi-
filamentary niobium—titanium wires. It is designed in a symmetrical holed
cube shape to reduce possible systematic effects. The applied magnetic field
(0.5-1 T') magnetizes the ferromagnetic foil. The alignment of all the fer-
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romagnetic hosts creates a very high hyperfine magnetic field (10-100 7).
The effective magnetic field felt by the nuclei is the sum of the applied field
and the hyperfine induced one.

The cold sample is surrounded by four HPGe detectors disposed at
right angle on a horizontal plane in order to detect the gamma emission
(Fig. 2 (b)). This number of HPGe detectors could be increased up to eight.
It is also possible to add particle detectors inside the cryostat, providing the
great versatility of PolarEx.

The PolarEx set-up is located at the ALTO facility and is currently
operating off-line (sample top loaded into the cryostat). Meanwhile, the
beam line connecting PolarkEx to ALTO is under construction and will be
ready by the end of 2019 to perform On-Line experiments (the nuclei are
directly implanted into the cryostat from the bottom up). The coupling of
PolarEx with ALTO will open a wide range of studies of neutron rich nuclei.

In the next section, we will describe how the angular distribution W (6)
measured with PolarEx can be used to extract the multipole mixing ratio 6.

4. Data analysis methods for multipole mixing ratio computation

The angular distribution shown in Section 2 can also be formally ex-
pressed as
W(0) =1+ [Bxr(Io)Ur@rAxrPa(cos ), (3)
A

where Py(cos #) is the Legendre polynomial, I the nuclear spin of the parent
nucleus, @, the correction factor for the solid angle of the detector (close to
unity) and f the fraction of nuclei that experience the hyperfine field.

The orientation parameters B) describe the orientation of the parent
nuclear state, and they are proportional to the density matrix elements
(Iom| p [Iom’) = p(m)dmm:. They are temperature-dependent since p(m)
is the population given by equation (2).

U) are the deorientation coefficients, taking into account the deorienta-
tion due to unobserved transitions. The state of interest of the daughter
nucleus is usually less oriented than the parent because the nuclear transi-
tions populate in a similar way all the daughter nucleus sub-levels. For each
unobserved transition occurring between the initial state Iy of the parent
nucleus and the one of interest, there are corresponding coefficients Uy that
take this deorientation effect into account. They depend on the multipolarity
of the transition and of the spins of the intermediate states involved. Thus,
the calculation of the Uy coefficients requires the knowledge of all spins,
multipolarity mixing ratios and branching ratios of the feeding transitions.
We will describe how these limitations can be overcome later.
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The angular distribution coefficients Ay describe the radiation asymme-
try of the observed transition. They only depend on the spins of the initial
and final states involved (I; and If) and on the multipolarity of the stud-
ied transition. In the case of a pure transition of multipole order L, these
coeflicients simply reduce to

A)\:FA(LaL?vaji)? (4)
elseways, if there is a mixing of multipolarity with a ratio J, the Ay coeffi-
cients become

FX(L, L, It, Ii) + 20 F\(L, L' It, I;) + 6* FX(L', L, Iy, I;)

Ay = 1+ 062 ) (5)

where the F' coefficients are known from the appendix of |3]. The mixing ra-
(I¢|O(o’' L")|I;)
(I[O(a L)|1;)

with L/ = L + 1, and o stands for electric or magnetic transition. There-
fore, in order to extract the § value of a particular transition, one needs to
determine the angular distribution parameters A, that can be obtained by
two methods (temperature-dependent and independent) as described in the
following.

The first method (temperature-dependent) is straightforward. To extract
Aj, one needs to measure the angular distribution W (#) and to compute all
the parameters of equation (3). However, there are two drawbacks: the pre-
cision on ¢ will depend on the measurement of the temperature, and all the
U need to be calculated, which implies that the spin and the multipolarities
of each state involved need to be known. To overcome these issues, we can
use the same method as Fox et al. [4], which is temperature-independent, as
described in the following.

By expanding equation (3) for two angles (0 and 7/2) and assuming that
By, Ay, Uy and Q) are independent of the angle, it leads to

tio § is defined as the ratio of the reduced matrix elements § =

o MW ) - o
2 = —%BQUZQQ .

If we consider a second transition (with its own A} and A}) emitted by the
same level, then the B, U and Q) are the same as By, Uy and Q2. We thus
obtain a simplified ratio of the Ass

Ay - W(O)] + [W(r/2) — 1]
Ay SA =W+ W (r/2) 1]

(7)

Similar expressions for A4 and A/, can be obtained. Thus, it is possible
to determine A) ratios as a function of measured quantities only. Then,
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if one of the two transitions has a pure multipolarity, its Ay only reduce
to F\(L,L,It, I;) (Eq. (4)) and the unknown A’ can be easily computed
(Eq. (7)). Consequently, the ¢ value can be obtained thanks to equation (5).
This approach leads to a measurement of Ay and to a determination of
¢ independently of the temperature, without a complete knowledge of the
level scheme. This is true for two gammas of similar energy. However, if
the energies are different, the two geometrical factors @) and @’ are also
different, and they will be included in the previous expression (Eq. (7)) as
shown in [5].

5. Ongoing analysis

These analysis methods have been first tested on 5"Fe: its 122 keV v tran-
sition has a very well known mixing ratio value [4]. The two techniques
previously explained to extract ¢ are in good agreement and they both re-
produce very well the existing data. This leads us to define the sensitivity
of PolarEx and to get confidence in these analysis processes.

These analysis methods were also used to study °°Fe for which mixing
ratios are well-known, badly known or still unknown [6]. With our analysis,
we have reproduced existing mixing ratios, have improved the precision of
some of them, and have measured new § values. This analysis is still ongoing,
and the results will be published soon.

6. Conclusion

In the present paper, we have shown that the LTNO technique combined
with PolarEx is well-suited for precise measurements of multipolarity mixing
ratio. Two methods of analysis have been tested on ®65"Fe.

With the radioactive beams of ALTO, we will be able to study neutron-
rich nuclei, and we plan to focus on these nuclei around N = 50 and N = 82
regions, where there are missing important information. The characteriza-
tion of the N = 50 shell gap and its evolution with large neutron excess is
a major challenge for the nuclear structure community.
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