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Comments from INTC

The proposal aims to conduct laser spectroscopy on the D1- and D2-like transitions in
223−226,228Ra+ using COLLAPS to investigate symmetry violation in fundamental inter-
actions. The proponents seek to enhance both statistical and systematic uncertainty by a
factor of 10 on the isotope shift and a factor of 2-10 on the hyperfine parameters compared
to previous measurements. This improvement, coupled with refined electronic-structure
calculations, is expected to significantly reduce uncertainty in determining the magnitude
of the Bohr-Weisskopf (BW) effect and the differential nuclear charge radius. While the
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INTC acknowledges the proposal’s physics relevance, it requests a letter of clarification
addressing specifically the following points.

Firstly, we would like to thank the INTC members for their careful review and
the acknowledgment of the proposal’s physics relevance. We will address the individual
points below.

1. What are the possibilities for the performing the measurements during
the online period i.e. with protons rather than winter physics? What levels
of Fr contamination are tolerable?

The amount of Fr (or any other) contamination that can be handled in the fore-
seen experiment is defined by two main factors: the capacity of ISCOOL and RP.
ISCOOL can handle 1e9 ions/s in the maximum limit, but to prevent overfilling the
buncher, we would rather use it at roughly 1e7 ions/s or even lower. Overfilling the
buncher results in large systematic uncertainties in our experiment, so we have to be
very careful with the number of ions/s. The TAC recommended a reduction of the Ra
rates to 7e5 ions/s for RP reasons. This is then also the rate we want to use for our
experiment. Hence, if the total contamination rate is a factor < 10 higher than the Ra
rate, it might be tolerable for ISCOOL. From the ISOLDE yield database, we estimate
a contamination of 4e5 ions/s for 226Fr, 9e5 ions/s for 225Fr, 1.4e6 ions/s for 224Fr and
6e6 ions/s for 223Fr with a UCx target. This would mean, that the Fr contamination
might be tolerable regarding the overfilling of ISCOOL (in case the Fr yield is not much
higher than estimated here). However, the additional radiation from these contaminants
(Fr) will add to the radiation from Ra. We cannot say if this tolerable from RP side,
especially regarding 100xLA.
In an offline run during winter physics, all the aforementioned potential problems will
not appear since we don’t expect any Fr contamination with a pre-irradiated target.

2. In case the run needs to be performed in the offline period, please present
detailed irradiation requirements so the effect on the physics programme
due to the need to pre-irradiate a target can be estimated.

In the initial proposal, we requested a few pA (1e7 ions/s) of Ra beam. For this,
the TAC estimated 9 shifts of direct radiation for 13 shifts of experiment. However, since
we are limited to 7e5 ions/s for RP reasons, the necessary irradiation time might be
shorter. The total time can be estimated by the TAC.

3. How will the measurement of differential charge radii be used by theory?
What nuclear models, that are relevant for future studies of PT violation in
fundamental interactions, can be expected to benefit from this measurement?

In a nucleus with a low-lying excited state Ψ̄0 of the same angular momentum
and opposite parity as the nuclear ground state Ψ0, the P,T -odd nuclear Schiff moment
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S in the laboratory frame can be expressed as [1]:

S ≈ ⟨Ψ0|Ŝ0|Ψ̄0⟩⟨Ψ̄0|V̂PT |Ψ0⟩
∆E

(1)

where ∆E is the energy difference between Ψ0 and Ψ̄0, Ŝ0 is the Schiff operator, and
V̂PT is the operator of the P,T -violating nuclear potential. The Schiff operator has the
form [2, 3]:

Ŝ0 =
e

10

√
4π

3

Z∑
i

(
r3i −

5

3
⟨r2⟩chri

)
Y 1
0 (Ωi) + ... (2)

where the omitted terms are neglected. The index i denotes protons, ri is the proton
radial coordinate, ⟨r2⟩ch is the absolute mean-squared nuclear charge radius, and Y 1

0 is a
spherical harmonic of the proton distribution.

To interpret precision experiments and place limits on the P,T -violating nucleon-
pion and meson-exchange interactions within V̂PT , nuclear theory is used to calculate
⟨Ψ0|Ŝ0|Ψ̄0⟩ and ⟨Ψ̄0|V̂PT |Ψ0⟩ and to express S in the simpler, parametric form:

S = a0gḡ0 + a1gḡ1 + a2gḡ2 + b1c̄1 + b2c̄2 (3)

where g is the strong πNN coupling constant, ḡ0, ḡ1, and ḡ2 are the isoscalar, isovector,
and isotensor P,T -odd nucleon-pion coupling constants, and c̄1, c̄2 are coupling constants
of a short-range interaction resembling the effects of a P,T -odd heavy-meson exchange
interaction [1].

Nuclear structure calculations of the sensitivity constants ai and bi can typically
have uncertainties that reach up to 100% [4]. Dobaczewski et al. [1] demonstrated that
the theoretical uncertainties in ai and bi can be significantly reduced by taking advantage
of a correlation between Ŝ0 and the intrinsic electric octupole moment Q3 of the nucleus.
This correlation between observables is leveraged in the following way [1]: nuclear
density functional theory (DFT) calculations are used to calculate the Schiff moment of
a target nucleus A and also the electric octupole moment Q3

0 of a different nucleus where
a measurement of that moment exists, such as 226Ra [5]. The DFT calculations are
repeated for several different functionals, and the results populate a plot of calculated
Schiff moments of nucleus A versus calculated Q3

0(
226Ra). Each functional thus provides

a single data point on the plot. Linear regression analysis of the results provides the
best-fit parameters for the calculated Schiff moment of A versus Q3

0(
226Ra), and by

plugging in the measured value of Q3
0(

226Ra), a functional-independent calculated value
of the Schiff moment of nucleus A is extracted.

Even by taking advantage of this scheme, the calculations of the Schiff moment in
225Ra in Ref. [1] showed that the uncertainty in a0 and b1 was more than 100%, while the
uncertainty in a1, a2, and b2 was ≥45%. Further reduction in the theoretical uncertainty
could be achieved if a similar correlation analysis could be carried out based on the
absolute mean-squared nuclear charge radius ⟨r2⟩ch of nucleus A itself, instead of Q3

0 of
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a different nucleus, such as 226Ra. Recent work on calculations of the Schiff moment of
227Ac1 indicates that a strong correlation between the Schiff moment and ⟨r2⟩ch exists,
as expected considering the presence of ⟨r2⟩ch in the definition of the Schiff operator
(Eq. 2). In the case of 227Ac, the correlation appears to be high enough such that a 5%
deviation in the value of ⟨r2⟩ch(227Ac) leads to a change in the calculated value of the
intrinsic Schiff moment of 227Ac by a factor of 2. The impact on the laboratory Schiff
moment is under investigation and may differ.

Currently, no absolute charge radii measurements have been reported for isotopes
of Ra, but the muX collaboration [6] is actively working towards the first absolute
charge-radius measurement of 226Ra by muonic X-rays. To take full advantage of the
additional correlation analysis between the Schiff moment and ⟨r2⟩ch, the charge radius of
the nucleus whose Schiff moment is calculated should be used. Therefore, high-precision
isotope-shift measurements are necessary to support the nuclear DFT calculations of the
Schiff moment of 223,225Ra.

4. How will the measurement of the Bohr-Weisskopf (BW) effect be used
by theory? What nuclear models, that are relevant for future studies of PT
violation in fundamental interactions, can be expected to benefit from this
measurement?

The all-optical measurement of the Bohr-Weisskopf effect in the hyperfine structure of
223,225Ra+ will be used as a benchmark for calculations needed to interpret proposed
atomic and molecular parity violation (PV) experiments with 223,225Ra. Developments
in the accuracy of atomic theory are ongoing in an effort to interpret PV measure-
ments in 133Cs and extract the weak nuclear charge Qw with high-enough precision to
test the Standard Model [7, 8, 9, 10, 11, 12, 13, 14], and comparison with experiment
across a number of observables has played a key role in these theoretical developments [15].

Precise measurements of the hyperfine structure can benchmark calculations of the
atomic and molecular wavefunctions in the vicinity of the heavy nucleus, where the weak
interaction takes place and thus where theoretical accuracy is most critical [15]. To
probe the role of high-order contributions to the hyperfine structure, such as quantum
electrodynamics effects, and thus to challenge the accuracy of their inclusion in calcu-
lations, experimental measurements of the BW effect play an important role. A lack of
such measurements leads to systematic uncertainties in the hyperfine constants, and so
the benchmark of high-order contributions to the hyperfine structure, whose magnitude
is often in the same order as the neglected BW effect, is hindered.

The all-optical, absolute BW effect we propose to measure in 223,225Ra+ provides
information on the radial dependence of the nuclear magnetization across the nuclear
volume. As an example, recent determination of the BW effect in the neighboring Fr

1Herlik Wibowo and Michail Athanasakis-Kaklamanakis, private communication, results currently in
preparation.
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isotopes by Roberts and Ginges [16] included such a comparison with different simplistic
nuclear models, and highlighted that an empirical single-particle description of nuclear
magnetization in Fr isotopes leads to good agreement with atomic theory.

In the case of 223,225Ra+, beyond assisting the benchmarks of atomic theory by
comparing the hyperfine constants, we envision comparisons of the extracted BW
effect with the results of nuclear theory using different models of nuclear magnetization
distribution functions. Approaches that can reach this region of the nuclear chart are
nuclear DFT and Monte Carlo Shell Model, with the former being highly successful in
describing collective nuclear properties and the latter being sensitive to the single-particle
structure.
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