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Abstract

Electron scattering on stable nuclei represented milestones for our knowledge on nuclear properties. The
purpose of the present proposal is to revive the physics of electron-ion collisions for radioactive nuclei at GANIL.
Electron radioactive-ion collisions would open a new window on nuclear structure studies by collecting detailed
data for ground-state density distributions and radii, transition densities to excited states and, in the long term,
nuclear strength functions. These data would represent key observables directly comparable to the nuclear
structure models. Taking into account the possible Radioactive lon beams produced at GANIL with enough
intensity and long enough half-life times, -soon available or possible in the mid-term future- we propose a
colliding e-RI machine starting with Rl beams above 107/s, electron intensity of | ~ 100 mA (up to 200 mA),
energies at 500 MeV (choice between 500-700 MeV is discussed), for a luminosity from 10?¢ cm?s™ going up to
10% with a search of potential improvement at 10°°3! cm?sin a later phase.

In the present document, we examine the main technical issues related to the first step of the project with
standard requirements of a luminosity at 10°%?° (with dedicated R&D work to overcome the ion trap limitations).
With the luminosity targeted at 10%, the project corresponds to the performance ensuring the realization of the
main physical cases, which could be reachable in the years 2030-2035. The limits over the nuclear chart are
discussed, corresponding to the cases of Rl beams fulfilling the requirements (combination of long lifetimes >100
ms and enough intensities >107/s) for the electron-RI collision experiments. From the estimate of the luminosity
and of the potential technical constraints, the set of parameters ensuring the feasibility of the electron-RI
collisions and the stable operation of the machine are discussed. They should be consolidated in a detailed R&D
project followed by a conceptual design report.

This gives us guidelines to define the ranges of the parameters and to delineate the realistic foreseen
performances and the potential evolution of the facility, envisioned to reach luminosities at 10°°3! in the years
2040s, s giving access to new physical cases (for the exploration of the nuclear densities of isotopes beyond the
limits of the 10%°) and to other observable sets (like nuclear strength functions via (e,e’p)).

Background. We recall in our document the main scientific motivations of our contribution given in March to the
international committee “Nuclear structure from electron-ion collisions” [ERIB2020] following proposals raised in the
NuPECC Long Range Plan 2017 Perspectives in Nuclear Physics [LRP2017] and the ETIC project studies for an Electron
Trapped lon Collider at GANIL, presented in 2015 [ETIC15] in the framework of the GANIL-2025 prospectives.

We now focus on the conditions for the feasibility of the potential machine, expanding the parts describing the technical
constraints, questions and challenges of the project.
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I. A microscope on the nuclear densities
1.1 Introduction. Scope and history. Past and future milestones of our knowledge on nuclear densities

Since the pioneering work of R. Hofstadter distinguished by the Nobel prize in 1961 [Hof53], decades of
experimentation [FroP87, Ae91] have demonstrated that electron scattering is one of the best probes to study
the structure of hadronic systems such as nuclei and nucleons. The spatial resolution offered by electron of
several hundreds of MeV allows to extract a variety of spatially-dependent distributions (radial charge density,
charge transition density, magnetic current distributions) very constraining for nuclear models and going
beyond integrated quantities (mean square radii, electromagnetic transition probabilities).

The strength of this resolving power is illustrated in Fig.l.1 depicting the ability to go from a one dimensional
excitation function of a nucleus (bottom drawing) to the full nuclear response surfaces of this system (also called
dynamic structure functions) using electron elastic and inelastic scattering. Details on the variety of observables
accessible using these processes will be provided later in this document but one can already easily size the gain
in sensitivity offered by this deeply penetrating probe, similar (to some extent) to the jump from simple imaging
to full tomography.
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Figure 1.1. Figures from [Don75]. Schematic Elastic
representations of the longitudinal and transverse 0*
dynamic structure functions, or nuclear response surfaces
Si(q, w) and St(q, w) functions of q, the transferred
momentum in the electron scattering off target, and w the
total energy change in the reaction (w=0 for the elastic
scattering), given respectively in the left and right plots. GDR
They contain all the information on the distribution of the
nuclear electromagnetic current density.

Inelastic

The richness of the above-mentioned resolving power combined with the precise knowledge of the
electromagnetic scattering process (via QED) motivated worldwide research programs of electron scattering on
stable nuclei from the 50s until the end of the 90s whose solid results are at the heart of our current
understanding of nuclei. To reach these achievements, intensive cross-section measurements were done



varying the electron beam energy to extend the range of transfer momenta and took place in the different
facilities developed for this purpose during this period.

The worldwide panorama for these studies included in this period: in the United States, the MIT Bates
Laboratory, the SLAC followed by the Jefferson Laboratory (starting, end of 90s, the research on the quasi-
elastic electron scattering on nuclei and on the nucleon structure) and, for instance, in Europe, the Saclay
Laboratory in the 80-90s. These labs provided most of the nuclear data we have up to now, compiled in the
nuclear data tables [ANDT87] and used as references to discuss the ground state radii and densities of stable
nuclei, and also the transition densities to excited states via (e,e’) and (e,e’p) spectroscopic studies. The most
illustrative and textbook results of these worldwide efforts are shown in Figs. l. 2 and .3: the elastic scattering
cross section of electron on 2°Pb was measured on about 12 orders of magnitude and the model-independent
density extracted from these data precisely down to very small radius. In Fig. 1.3, one can see the charge density
difference between?®®Pb-29°T| extracted from the (e,e) measurements.
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Figure I.3. Figure and caption from [Fro83].
Experimental charge densities for 2°Pb and ) )
2057 obtained by (e,e) scattering at 500 MeV. Charge density difference
Comparison of the experimental and the 206 pp - 2051
adjusted theoretical charge density difference | —~ 0.010 ~—— Adjusted mean field
of %°Pb and ?°°T| obtained by (e,e) scattering £ 0.008 || theory
at 500 MeV. From this charge difference, the ': ' "'3|I I .
i Experiment
shape of the 3s proton orbit was extracted ~ 0.006 ,.“'l;.' M1} Exp ¢
without ambiguity. This was done using ~

Woods-Saxon single particle radial densities of | ©~ 0.004
shells expected to contribute to the ?°Pb and
205T] difference. The extraction was validated
via the experiment-theory comparison of the
contributions to the cross-section ratios
205T1/296pp of the 3s, 2d and 1g shells.




In short, the history of this research field demonstrate that electrons constitute optimal probes for the study of
several properties of atomic nuclei. Their point-like nature (excellent spatial resolutions) and the fact that the
electromagnetic interaction is weak (low re-scattering rates and simpler theoretical tools, e.g. perturbation
theory) and theoretically well-constrained make the reaction mechanism under control. This allows a clean
extraction of nuclear properties.

1.2 Next-generation nuclear structure studies with electron-RI collisions

At the end of the 80s, the area of radioactive ion beam facilities started. Since it was not possible to make
targets of the short-lived isotopes, nuclear structure investigations have been pursued mainly using hadronic
probes. Integrated information was obtained for rms radii of charge densities via laser/muonic spectroscopies
of unstable radioactive ion nuclei, and for nuclear matter radii from RI collisions with hadronic probe (proton,
heavy ion beams).

The table 1.1 summarizes the present knowledge we have on structure density observables for radioactive
nuclei, from laser, muonic spectroscopy and proton scattering probe [Diffpp]. Despite the discussion on the
accuracy of the models used to extract the information from the measurements, if we focus on the benchmark
microscopic models used to obtain the structure characteristics (rms radii, moments), the precision on these
values are due to the involved physical process itself.

Observables Reactions-Processes Intensity |
deduced quantities Rl energies Experimental conditions
Precisions

r.m.s. charge radii Laser spectroscopy
Muonic spectroscopy

Interaction cross sections

charge rms ren
~+ 0.005 -0.01 fm
I>10% 106!

r.m.s. matter radii

matter density profile using
combined (p,p) sets (various q
transfer momentum ranges)

(p,p) elastic
10 to 1 GeV/nucleon

inverse kinematics
thick target
matter rms rm + 0.1 fm

Neutron-skin r.m.s radii

Combined (p,p) and (p,p’)

(p.p) I: 106 s71;

Using known charge radii (see above) | analysis of data sets few (p.p’) 1:10%8 51
from pmand pcn 10 MeV/n ; wide angular inverse kinematics
range (~10-160 deg. c.m) r-rp~ 0.1 fm

Table I. 1. Structure observables available for radioactive ion nuclei.

Perspectives for the form factors of exotic nuclei

Via future e-RI experiments, we propose first to investigate directly the charge density distributions of these
exotic systems in which unique quantum phenomena emerge.

We plan to start an extensive program to measure (e,e) elastic scattering cross sections to extract directly
the charge density distributions through a model-independent analysis and to compare them to theoretical
predictions. Theory-wise, detailed densities are much more demanding than integrated quantities (such as root
mean square radii) and encapsulate different correlation effects. As such, they offer an unprecedented test
bench for state-of-the-art nuclear structure models. Their availability over a wide range of unstable isotopes
would thus systematically provide model-independent constraints very complementary to information from
other probes like (p,p) scattering.

The possibility of dealing with just a few basic constituents, the fact that correlations play a major role, the
appearance of non-standard phenomena like neutron halos and their nature of open quantum systems make
light nuclei particularly appealing to ab initio approaches. Charge radii of halo nuclei ®He and He have been
measured about 10 years ago with laser spectroscopy techniques [Wan04, Mue07], unveiling nontrivial effects
of neutron-proton correlations. Information on the charge density distribution in these systems would provide
additional insight and shed light on the properties of alpha clustering.

The picture on the neutron-rich side could be complemented by charge radii measurements of certain systems
that are up to now not accessible with laser spectroscopy, like ?Be or ’C. On the neutron-deficient side,



attention has been recently devoted to systems believed to exhibit an extended proton distribution such as ®B,
140 or 17: 8Ne. At present, only the charge radius of the latter has been measured.

Conjectured central depletion in the proton density could also be measured unambiguously for systems like 34Si
for which the link between observables and the microscopic details of the nuclear interactions was investigated
by a variety of theoretical calculations [Theo34Si, Th34Siab]. As shown in Fig. 1.2.1, an elastic scattering
measurement (eventually with other nuclei in the vicinity) would indicate which theoretical assumptions are
consistent or not with the measured charge densities. Similarly, charge densities for Sn and Xe isotopes could
be obtained from (e,e) scattering measurements and compared to ab initio calculations (cf Fig. 1.2.2).
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Figure I.2.1. Figures from [Th34Siab]. (Left) Ab initio calculations of point charge and neutron densities for 3*Si
and 3¢S isotopes. (Right) Angular dependence of the form factor obtained for 300 MeV electron scattering on
345i and 3°S. (Results from two computation techniques ADC(2) and ADC(3) are displayed).

Additionally, the study of neutron skins in neutron-rich isotopes would greatly benefit from the combination of
electron and proton scattering data on unstable nuclei having different neutron-proton ratios. As exemplified
for 298Pb [TheoNS11], this observable helps to shed light on the density dependence of the nuclear symmetry
energy of the nuclear equation of state (EoS). Differences in charge radii and densities of proton-rich mirror
nuclei will also be directly measurable and helpful to characterize the isospin dependence of the EoS [ChRms].
These new constraints would thus contribute to improve our understanding of nuclear matter, a necessary step
to model different neutron star systems [Bau2020], such as mergers recently identified by the detection of
gravitational waves [GW2017] and sites of r-process nucleosynthesis [GoBJ11].

Progressively, the e-RI project can be widely extended to examine other fundamental questions related to
shell/shape evolution by studying different electron scattering channels, or other observables, in general more
demanding than elastic scattering in terms of luminosity (see next section for detailed numbers). For instance:
- From the (e,e’) inelastic scattering cross sections, the charge transition densities can be extracted, which gives
a set of observables to characterize precisely the nature of collective configurations involved in nuclear states
and their mixing. This would be particularly relevant for the study of shape coexistence or high-energy
resonances (giant, pygmy, etc.) [Don75, InelExp];

- The studies of single-particle strength in exotic nuclei is crucial to quantify its quenching by long and short-
range correlations [TheoLRC09]; they can be performed via (e,e’p) quasi-free scattering;

- Magnetic form factors can give access to valence nucleon configurations [Don73, Don84]. The multipole
moments peak at different q values. For instance the valence nucleon radial wave functions were extracted for
49Ti, >V, %°Co, ¥’Sr, Nb (1g9/2), 2*Bi from (magnetic) electron scattering in ref./[PRC82TiSr], and the *'Ca f7/2
orbital size was deduced from *!Ca(e,e) at 145 MeV [Ca41m90].

The general strategy aims primarily at unveiling fundamental features related to the shape of exotic nuclei (e.g.
nucleon halo, clustering, shape transitions) all being consequences of the underlying nuclear force and its
modification away from stability [SCMF03].

Correspondingly, new theoretical tools will be put in place for electron-nucleus collisions taking advantage of
the renewal of the calculations for the e-Rl scattering observables. On the one hand, some of the knowledge
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acquired in the past on electron collisions with stable nuclei has to be recovered and revised in light of recent
advances. For instance, for the e-Rl elastic scattering observables of differential cross sections and electric
charge form factors we can apply the techniques elaborated in [TheRI0O8], using a relativistic eikonal
approximation of the Dirac equation. On the other hand, newly developed approaches need to be adapted and
generalized to the description of new processes and observables. In particular, the interpretation of the
quasifree (e,e’p) scattering processes would benefit largely from a revision of the reaction mechanism to
investigate final state interactions, including consistently nuclear short- and long-range-correlation effects
mentioned previously [TheoLRC09].

M Bl 138Xe Figure 1.2.2. Figure from [Th132Xe].
0.15F ; 136X o Ab initio computation of charge densities for
: Em 132Xe Sn and Xe isotopes (shifted with respect to one
\ —— another for a better readability).
—— M ——ry For the (e,e) scattering with the '3Sn and

13%Xe ijons, working at luminosities 10%°, we
should be able to extract from the cross

M 3 \ sections at 500 MeV the form factors and then
\ ] the charge densities which could be directly
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It is worth mentioning that the main ideas discussed below on the required observables were outlined in the
framework of the NUPECC long-range plan (LRP) perspective in 2016-2017 [LRP2017]. In this context, it was
pointed out that electron beams of 400-800 MeV provide the ideal spatial resolution scale of about 0.5 fm to
study charge distributions. Conclusions and recommendation of our community were written as follows:

« lon-electron colliders represent a crucial innovative perspective in nuclear physics to be pushed forward in the
coming decade. They would require the development of intense electron machines to be installed at facilities
where a large variety of radioactive ions can be produced ».

1.3 Observables and luminosity

We recall here the main quantities, form factors and densities [Ba74] accessible from the cross sections [FO66]
for the scattering of electrons on a target of Z charge. We only give here the simplified expressions, to underline
the Z2and 1/q* dependence of the cross sections.

For a simple case of a spin-0 nucleus, the form factor F(q) (with g the momentum transfer) is a Fourier Transform
of the nuclear charge densities (pch) with the following integral formulae:

pch () = [ F(q) (S“‘q@)qu dq [Eq.1a] F(@) = [ pch (r) e'%"4mr? dr [Eq.1b]

In the general case for the scattering of electrons on a spin-J finite-size nucleus, the cross sections are
function of the square of the longitudinal F and transverse Fr form factors [Don75]
For elastic scattering, it can be written as:

do 1 0
(22) @ = owoee R,| F2(@) + (5 + an?D) F2(9)] 1021
with R,= E’/E the target recoil (mass M of the target, E’/E ~ (Mc?) /[(Mc? ) + E (1- cos 6)]) and the Mott cross
section detailed below.




For a spin-0 nucleus, the cross section can be expressed as a product of the Mott cross section (point charge
cross section) and of the form factor Fi(q)=F (q):

0
do do (da) Z%a? (COS(E))Z (Eq.4]
— 2 — = q.
(§5) = GRwore X IF@P  rea3) an’MO% 42 (sin)t
Momentum transfer between the initial and the With a the fine structure constant (~1/137),
final electron momentum (h q)*=[ |pi-ps|c]? E the electron energy, O the scattering angle
(E the initial electron energy) hq = 2 E |sin (g) | in the center of mass (c.m.) system.

Neutron densities could also be investigated via the magnetic form factors extracted from cross sections of the
(e,e) measurements. Fr can be expanded in sum of the square of the magnetic (odd) multipole Mi (1=1,3, .. up
to /A = 2Jo) [Don73,Don84]. The extraction of the Fr form factors gives access to the entire shape of the valence
nucleons, if the cross sections are measured in a wide range of momentum transfer g, this was the case for
typically electron energies up to 500-700 MeV.

From the examples of the cross sections given in Fig.l.3 we can see the needed momentum range to extract the
form factor. This gives the order of magnitude for the measurements we would like to transpose in the case of
the radioactive nuclei.

Extracting densities require high enough momentum transfers, typically up to 4 fm™ for medium-heavy nuclei
(Z > 10) which means working at electron energies at least up to 500 MeV. In this case, the extreme
measurement of the cross sections should go down to 1038 cm2srl. Other cases showing the limits of the (e,e),
(e,e’) and (e,e’p) measurements are presented in the Appendix A, to illustrate the requested luminosity for the
various studies, on the charge ground and transition densities, and on the neutron densities.

Let’s consider now the corresponding luminosities of the electron scattering on stable targets.

For an electron beam of intensity l. (A), impinging the nuclei of a target (containing Nt nuclei) over an interacting
area of S cm? the instantaneous luminosity (geometrical) is defined as (with Qe the electron charge):

| L=(/Qc) * (Ny/S)em?s? | [Eq.5]

For instance, for stable nuclei, taking into account the electron beam characteristics with typical intensities
around 1.25 10 e-/s (I.= 20 pA), a size of the spot on the target around 0.5 x 2 mm? and with a target thickness
of 100 mg/cm?, for A; ~ 20 to 200, the luminosities are around 12 to 1.2 10°*® cm?2s?, corresponding to the
orders of magnitude needed for the most complete studies at high momentum transfer (3-4 fm™) required for
the charge density extraction. Examples of these studies done in the past on the structure of stable nuclei can
be seen in App.A. However, to reach the charge density in simple forms like the 2 or 3-parameter Fermi density
function, the measurement can be done at smaller momentum transfers, around 0.5-2.5 fm™ where the cross
sections are a factor 10%° higher, thus requesting much lower luminosities, typically 10%3° cms?, depending
on the type of ions (since the cross sections evolve with a Z2 factor).

The insight one can get into density distributions depends on the accuracy of the measured form factor and the
range of momentum transfer covered. This translates into luminosity constraints to access different structure
observables.

Orders of magnitudes are given in Tab.ll.2 (developed from the one established in the LRP document
[LRP2017]), with the following ranges of nuclei: light, Z2< 100; medium 100 < Z2< 1024 (=322); heavy Z*>>1024.
As an example, for elastic scattering:

- Global indicators are accessible first, like root mean square radii and diffuseness, to model densities by simple
analytical functions, such as two-parameter Fermi function, as done extensively for stable nuclei reported in
nuclear data tables [ANDT87]. This can be achieved with luminosity starting from 10** cm2.s for heavy nuclei
to 108 cm.s? for lighter ones (lower Z).

- When form factors are measured precisely over an extended momentum transfer, the charge density can be
mapped and extracted via a model independent analysis [Sick74]. It corresponds to differential cross sections
measured up to the second minimum and translates into luminosities in the range 10%6?° cm?2.s?, again
depending on the element.



Observables
deduced quantities

Reactions
(q: momentum transfer)

Type of nucleus

Required luminosity L

r.m.s. charge radii

(e,e) elastic at small q

Light (Z%< 100)

L: 10**cm2s?

Charge density distribution with 2 (e,e) First min. in Light Medium L: 108 10 cm2s?
parameters pch elastic form factor Heavy 10%*
Charge density distribution with 3 (e,e) 2" min. in elastic Medium L: 10 cm%s?
parameters pch form factor Heavy 10%
Fi, Fr Magnetic form factors=> (e,e) 2" min. in elastic Odd-even
Proton, neutron transition densities form factor Medium L: 10*%cm%s?
Direct access to neutron-skin Heavy 10%°
Energy spectra, width, strength, (e,e) Medium-Heavy L: 10%%2°cm2s?
decays, collective excitations
Extraction of the density (e,e) Light (e,e) (e,e’) L: 103031
distribution using functionals (series (e,e”) Medium-Heavy (e,e) (e,e’) L ~10%%30
of Fourier-Bessel functions ...)
Spectral functions, correlations (e,e’p) 103031

(e,e’p) L~103%31 cm2st

Table Il. 2. New structure observables from e-RI collisions and luminosity.

From luminosities around 10%° cm2.stand higher, the study of other processes mentioned previously can be
reached offering unprecedented possibilities as stated in [LRP2017] : « As a long-term goal, such facilities would
allow (e,e’) inelastic scattering with selectivity to the transferred angular momentum, (e,e’f) electro-fission with
detection of fragments, and (e,e’p) quasi free-scattering studies with radioactive ions ».

An objective of the luminosity at 10?° cm2.stis thus considered to reach an entirely new range of research
and opening the way for further upgrades. Then, the long-term goal of GANIL would be to extend progressively
the applicability of those methods to a broader range of exotic nuclei allowing systematic and model-
independent studies leading to the build-up of nuclear data tables away from stability in the years 2040-2050s.

If we examine the requirements for the measurements, there are basic considerations on the observables and
on the luminosity. Production rates of radioactive beams need to be large enough to ensure enough luminosity
for the type of data we are interested in.

It is clear from the above table and from basic considerations on the feasible luminosity (more extended
calculations will be given in the chapter Il) that the potential test cases will correspond to isotopes produced at
intensities higher than 107 part/s. There will be the feasible nuclei (107 and higher) for which the detailed
structure information could be reached, and, depending on the Z number of the nucleus, some intermediate
test cases with lower requirements on the luminosity and on the required intensities (around 10°).

The more difficult cases will be explored in detailed studies.

We can already identify the physical cases which will not be feasible, whatever the techniques employed and
even in the case of the improvements of the luminosity: the nuclei with too short lifetimes will not be accessible
for electron-ion collisions, which require nuclei with lifetime above (a few) 100 ms at least (whatever the
techniques considered).

For the choice of the beam energy, we can consider that reaching 500 MeV gives us most of the essential
physical cases that we want to investigate. The final choice is a compromise between luminosity, cross sections,
access to high transfer momenta. The 400-500 MeV is certainly a better choice than the 700-800 MeV regime
where the cross sections are lower, and better than the 200-300 MeV range, for which the electron beam
properties are degraded as a function of the decreasing energy.

In summary, the main physics cases of interest will correspond to the (e,e) and (e,e’) experiments done at
luminosities 102628 (for nuclei with Z2>100, medium and heavy isotopes), leading to the extraction of the
form factor at large q values (4 fm™ with the incident beam energy at 500 MeV) which will give access to the
charge and transition densities for the radioactive nuclei with lifetimes >100 ms and produced at rates higher
than 107/s. The feasible Day 1 physics cases will be identified in section VI, with a list of radioactive isotopes.
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Il. International context of the electron-RI projects

To perform electron-RI collisions with enough luminosity to reach the observable of the charge densities for a
large range of isotopes, two techniques have been explored: collisions between the electron beam and RIBs, or
ions trapped to perform electron collisions on a target like structure.

11.1 Projects of colliders

Since the 2000s, the physics of electron-ion collisions has been part of the main international projects aiming
to probe the nuclear structure of exotic nuclei [eRIB17]: ELISe (Electron lon Scattering in a storage ring - eA
collider) [Elise07] planned in the second phase of FAIR in Germany, and since 2017 the Dubna Electron-
Radioactive Isotope Collider fAcility (DERICA) within the Acculina2 project [Dubnal8] in Russia.

The ELISe and DERICA machines would have taken advantage of the increased intensities of the RIB produced
with the upgrade of the facilities. However they have been pushed forward in long-term plans of the future
facilities at FAIR and at Dubna, mainly because the technical difficulties inherent of the colliding techniques for
an intense electron beam with a RIB between 10° and 10° were not solved, they would have requested a
detailed conceptual design report followed by an expensive machine project. Moreover the e-Rl facility would
have requested specific running conditions and the dedicated teams to operate the acceleration of the electron-
ion beams and for the tuning of the collisions. Technical complexity of the e—Rl machine would have
considerably increase the cost of the Radioactive Isotope facilities.

In Japan a similar project was discussed in the years 2000s along the on-going R&D for the upgrade of the RIKEN
Nishina facility with the MUSES project, idea of a machine between colliding electrons and RI. As was the case
at FAIR and Dubna, the project could not be launched in parallel with the RIBF facility which started its operation
in 2007.

1.2 Target-like devices: SCRIT at RIKEN and the ETIC project

The alternative to the electron-ion collider machine was found with the SCRIT (Self Confined Radioactive lon
Target) [Scrit05] ,project launched in the years 2004-2005 at RIKEN in Japan. At that time it represented the
world’s first attempt of an electron-scattering facility for exotic nuclei [Scrit04]. It consists of a dedicated
electron storage ring device with circulating electron bunches colliding with trapped ions. The “ion trapping”
phenomenon forms a local target which makes electron scattering off short-lived radioactive nuclei possible in
principle [Scrit09]. In the years 2008-2009, the Kyoto prototype for SCRIT reached a luminosity of 1026cm2s?
for 10° stable ions of 33Cs. Some data points of the elastic scattering from Cs could be measured around the
c.m. angles 30-55°. In the years 2015-2016, SCRIT became operative at RIKEN for physics runs, test results were
obtained with the stable isotopes *2Xe [Scrit17]. Note that the charge density shape was determined with an
evaluated luminosity of 1.55 10”cm™s (at E.= 301 MeV) ; a few 10”cm?s represents up to now the current
limit of the SCRIT device. The luminosity was reached with a mean electron beam intensity of 200 mA (l.
evolving between 250 down to 150 mA, at the end) and around 108 target ions (“numbers of ions introduced
to the SCRIT with each cycle was less than a few times 10%, measured by a Faraday cup”).

The electron beam size was “2 mm" x 1mm?V (o) at the center of SCRIT”.

The quality of the SCRIT data for 32Xe(e,e) were sufficient to be compared to recent ab initio calculations
[Th132Xe]. The numbers of the running conditions for the SCRIT facility represent some benchmarks to explore
the techniques of the ion trap self-confinement to be used for the electron —RI collisions.

In the years 2015-2016, there was a project initiated by the CEA Saclay to think about a possible Electron-
Trapped lon Collider, ETIC [ETIC15]. GANIL offers the production of DC beams at low energy. The SCRIT
technique fits to the existing facility. While based on the SCRIT ion-trap concept, ETIC aimed at reaching much
higher luminosities around 102°cm=2s? in the case of 10° radioactive ions stored in the electron beam in the
interaction region. It represents about two orders of magnitudes beyond the SCRIT capabilities. This would
allow performing experiments on isotopes with smaller production rates and at the same time more detailed
measurements, thus increasing the physics reach in quantity and quality. This project was explained in a
workshop organized in 2016 on e-Radioactive lon Beams (RIB) collisions [ESNT16].
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The recently developed technique of energy recovery linac (ERL) was identified as a possible suitable solution
to reach a luminosity of 10%cm=2s. However, an R&D program (including a demonstrator) has to be done on
the ETIC project, based on the ERL concept, to reach the identified performances.

In the third part of this document we revisit the ETIC project and discuss the potential technical solutions, either
based on a synchrotron (evolved from the initial ETIC) or based on an ERL. Parameters of the machines are
discussed to identify the possible limitations in terms of luminosity (due to technical limits of the accelerators
or to the physical effects at the interacting point) or the path of improvements.

The performance in terms of luminosity are also discussed in the context of the present RIB beams, which are
or will be available at GANIL. We base our physics cases upon feasible Rl beams with standard techniques. If
higher Rl production is available, higher luminosities will be achieved.

Improved techniques, combination of various beam production modes are also considered to develop the
physics case of the e-Rl collisions in different regions of the nuclear chart corresponding to the foreseen “new”
beams at GANIL. This is presented in parts VI.1, 2 with the possible physics cases.

11.3 Preliminary considerations on requested luminosity and intensities for electrons and ions

Let’s give a first glance to the order of magnitude for the luminosities, starting from Eq.1., with rough estimation
of the static collisions area and of the numbers of colliding ions/electrons, to check the overall limits due to the
physics phenomena and to the present technology.

For radioactive nuclei, which cannot form a target, if we trap Nions With an electron beam in a surface area S,
the possibility to reach the luminosity around 10 em?s? would require to work with electron intensity at 1.25
108 e-/s (200 mA) with typical numbers of ions above 107/s considering a spot size area for the overlapping
region between electron and ions of 0.1 mm?2.

The detailed calculations of the luminosity will be further explored in section Ill, considering the estimations of
the overlap surface between ion cloud and electron beam, taking into account the ion trap efficiency, with
assumptions depending on the ion charge states and on the confinement effects due to the electron beam.
From this basis, the paths of improvements for the future machine will be explained in part lll, focusing on the
limits of feasibility, both for the electron beam intensities which can be achieved and for the expected number
of ions which can be considered for the electron-ion collisions.

However, the numbers above are the order of magnitude of the requirements for the “working conditions” of
the electron-ion collisions, if we plan to measure in detail the elastic scattering cross section and to extract the
charge densities from model-independent analysis (using analytical functions like Fourier-Bessel).

They are helpful also to know which radioactive ions could be included or not in our physics case and which part
of the technical project has to be improved to increase the luminosity.

We could think of improving the electron intensities. But we cannot gain a factor 10 on this side.

The maximum achievable today for electron intensities is of the order of magnitude of 100-200 mA (~few 10%%s).
It means that, provided that we could have a feasible machine at 10 cm2s*the next step with a factor 10-100
on the luminosities should come from the ion trap capabilities, requiring that the numbers of trapped ions be
above 107 up to 10%°. The reduction of the overlapping region is also a factor for the increase of the luminosity.

Exploring the running conditions, identifying the technical constraints and the beam limitations for the

operation of the electron-ion collisions is the purpose of the preliminary study presented in section lll.
The calculations of the luminosity with ion traps are fully discussed in part /Il and in Appendix B.
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Ill. SCRI Trap and electron machine

We explore here the technical issues in two steps: the ones on which “reasonable” values can be given (from
other machine studies in the world, checking bibliography); the ones on which we have global information but
on which we would need complete R&D studies. We give orders of magnitude of the foreseen realistic
parameters of the machine (with the goal at 10*° cm? s) and we explain the series of questions we need to
solve in the future R&D projects required in 2021 with the objectives of determining the best options for the ion
trap concept (storage and fixed target preparation) and the machine design.

Ill. 1 Definitions of the luminosity key-parameters of the project

Assuming transverse Gaussian distributions for the bunches, the luminosity (L) in a collider between ions and
electrons would be expressed by [LumT]:

Ne NA _ [e

Na
L=fnmn, = — [Eq.6]
21\ Oy 2+ 0y ;2 /O'y'ez+0y,i2 de 21\ Oy 2+ 0y 2 /O'y'ez+0y,i2

- with Oxe Oy,e the electron beam section -variance value the distribution, referred hereafter as the root mean
square (rms) “size” of the beam in x or y directions- at the interaction point (IP), Ox,i Gy,1the ion beam section
in the trap; and

- Na the number of trapped ions, le the electron beam intensity, fe the repetition frequency, ne the number of
colliding bunches, Ne the number of electrons per bunch.

To simplify, if we consider circular beams, Oe =0Ox,e = Oy,e and O; = Ox,i = Oy,i we obtain:

I, Ny

L= qe 21 (02 +0;%) tEq.7]

Considering the electron beam impinging a target area of size 6 = 6e =0j, from this expression we recover the
standard luminosity for the electron beam on a stable fixed target, given in Eq.1 (part |).

If we assume that we can work with parallel beams at the IP and the same beam sizes O6x =Oxe = Ox,i and Oy
=0y,e = Oy,i, the luminosity would be given by:

L=fene —"-=—*—"— [Eq.8]

From this equation, we can consider that the lower the size, the higher the luminosity may be. However it relies
on strong assumptions, we examine in section /.4 their validity.

Note that the expression in Eq.8 do not explicit the overlapping area (which is different from the electron beam
size).

In a cylindric shape trap with Gaussian distributions, the luminosity is a function of three factors:

-number of trapped ions (cf 11.2), Na,

-number of electrons (cf I11.3 beam intensity, control of the instabilities, control of the beam size), le

and

- size of the overlapping area between the electron beam and the ion cloud (cf. lil.4):

VOxe? + 0y 2 Oy e? + 0,2 . Aperfect beam overlap would correspond to Eq.8.

In the next sections, we explore the limits and potential improvements of these three factors, to reach the
targeted values for the luminosity.
We also investigate the validity of the various assumptions made on the luminosity expressions.
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The modifications induced by the evolution of these three factors should be considered, taking into account the
physical effects ruling the overlap in the trap as well as the number of trapped ions as a function of the electron
beam characteristics (intensity and size). These effects will be discussed in details in /ll.4. To give a more realistic
estimation of the luminosities compared to the above formula, we have carried out preliminary studies with a
series of simulations to figure out the potential change on the luminosity of the relevant parameters (electron
and ion beam sizes, electron intensity, number of ions injected in the trap). They are also meaningful: i) to have
an overview of the limitations inherent to the ion trap phenomena, ii) to check the assumptions of the physical
effects at play in the electron-ion collisions in the trap, iii) to list the unknowns in the state-of-the art ion trap
description.

lll. 2 Existing trap projects —achievements and limitations

Quoting the report to the technical advisory committee (RIKEN 2005) by T. Suda et al [scriTACO5] the SCRIT
technique is presented as: “the EBIT(EBIS) technology and “ion trapping” phenomenon in the electron storage
ring” and “Purpose of the numerical simulation is to expect how long ions lives in the SCRIT, how many ions can
be trapped, and how much luminosity can be obtained. This calculation tells us that 10’-10%ions is acceptable
at the SCRIT, of which the length is 130 mm, the lifetime of the SCRIT is order of second when the electron beam
current is several hundreds mA.”

In the test reported for the stable Cs [Scrit09], the luminosity was obtained as follows: “At an average electron
beam current of 75 mA, we measured the scattered electrons from the trapped Cs ions with the ion injection—
trap—ejection cycle, whose trapping time was set to 50 ms to simulate short-lived nuclei. Elastically scattered
electrons from the trapped Cs ions were clearly observed. Using the known elastic scattering cross section, the
luminosity of 1x10% cm™ s™! was deduced at the average electron beam current of 75 mA with 10° trapped
ions”. Note that the physicists working on SCRIT at RIKEN have identified limitations of their own machine
[Scrit16w] in terms of ion trap injection and electron beam instabilities, and they are in search of other technical
solutions. For the trap R&D studies, we would benefit from a close collaboration with these experts of SCRIT in
Japan (M. Wakasugi et al, Kyoto University) to develop an optimized ion trap techniques for our project at
GANIL. The increase of luminosity will also require working with experts of the electron beam and ion-trapping
phenomena.

To overcome the limitations for the luminosity, we plan to organize an important R&D work on the optimization
of the trapping techniques. We have identified several paths of R&D:

- increasing the number of trapped ions, by optimizing the injection and extraction of ions thanks to an RF trap
structure guiding the ions to and from the interaction region;

- working on the overlap efficiency between ions and electrons, by optimizing the spatial distribution of the ion
cloud and by controlling the charge state distribution (multiplication) thanks to a regular recirculation of the
trapped cloud in a buffer gas in a separate trapping area;

-working on the trapping instabilities using cooling down techniques to reduce ion-ion collisions, ion heating
processes.

The regular recirculation of the cloud in a buffer gas would permit to overcome the problems of the spatial
charge effects of the plasma in the ion trapping area. If demonstrated, this technique of recirculation would
enable an important increase in the number of trapped ions for the ion trap project for GANIL with respect to
what was done so far in SCRIT [due to the slowing down of the ions, for SCRIT, only species with long T1/2 (more
than few 100 ms) can be stored].

lll. 3 Options of the electron accelerator facility

As in the ETIC project [ETIC2015] three types of accelerators for the electron beam can be envisaged, we briefly
summarize their characteristics, performances and limitations.
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1) Linear electron accelerator

Such a facility avoids many circular accelerator complexity (acceleration chain) and limitations as the space
charge (SC) tune spread, the intra beam scattering (IBS) emittances growing, the Touschek beam life time, the
dynamic aperture at injection, and so one. Moreover, a linear accelerator allows, by switching the beam, to use,
at the same time or at different times, many experimental areas. The project can then be envisaged in an
evolution way.

A linear accelerator, based on XFEL technology [2007], composed with 5 modules, allows obtaining the working
energy range, 500MeV up to 750 MeV. At these energies, the transverse emittances are about 2-1 nm.rad. But,
even with optimized accelerator and beam parameters (repetition rate, bunch charge, beam sizes and so one)
the luminosity remains lower than the targeted value. The main limitation comes from the average beam power
above 10 MW, which is very RF demanding.

2) Circular electron accelerator

The case of a circular collider, which can work up to 700 MeV, was already explored, and a first draft plan (with
beam optical characteristics) was delivered [ETIC15]. The main limitation comes from the IBS. At low energy
(less than 700 MeV), the IBS becomes an issue. It limits the stored intensity and thus the luminosity. A solution
was proposed to use harmonic cavities to make RF gymnastics. That is more expensive and requires more
studies. This option, for a substantial increase of luminosity, includes the reduction of beam sizes at the
interaction zone Oxy and/or an increase of number of trapped ions Na, and electron beam current I.. A circular
electron ring will merge the problematics of synchrotron light sources and of circular colliders. As mentioned
previously, a proper design implies the control of many characteristics of the circular accelerator

At these working energies, a double bend achromatic (DBA) lattice, comprising 24 bends, with distributed
dispersion, reaches the equilibrium emittance of a few nm.rad or less.

Another possibility is to organize the arc bends as multi bend achromatic (MBA). Solutions with 24 bend
magnets, combined or non-combined, was studied to reach the luminosity goal. A solution without combined
bends was investigated in detail in the ETIC project; we revisit this solution relaxing some of the constraints on
the beam size, which modifies significantly the design of the synchrotron collider.

3) Energy recovery linac

An energy recovery linac (ERL) has the same advantages as a conventional linac. In addition, the operation cost
is less expensive. Moreover, with the same RF budget, it gives the possibility to increase the average intensity
of the beam by more than an order of magnitude.

The use of this technology implies some challenges. Thus, a high average intensity has an impact on the needed
performances of the source and the injector. The transverse beam stability must be less than the micrometer.
RF cavity design, working in CW mode, should minimize the beam break-up instabilities (BBU) while maintaining
a high Qo. The emittance growth, due to the synchrotron radiation during the transport, should be as low as
possible [Erl14].

Nevertheless, a number of projects (4GLS, BERLinPro, eRHIC11, LHeC12 see refs. [projE]) intended for the
production of synchrotron radiation or nuclear physics and high energy physics, are based on this concept. The
parameters of some of them can be directly adapted for the e-lon collider.

A solution using an ERL has also been considered. The desired luminosity is achieved by adopting the parameters
of projects studied currently worldwide. Studies show that the intensity limit due to the BBU instability, which
is one of the main intensity limitations, can be larger than that is needed for ETIC.

This solution does not have the drawbacks of synchrotrons which makes it particularly attractive. It is more
interesting than a conventional linear because it consumes less power. Furthermore, as the bunch length is of
the order of some pico-sec or less, ERL principle was envisaged in many synchrotron radiation source projects
of high brilliance and FEL projects of 4" generation and so this solution can interest a wider physics community.
The ERL principle is a fairly recent technology and R &D is necessary, so a demonstrator should be proposed as
first step. A special effort must be performed on the electron source quality.

Note that for the three options very small beam sizes at the IP (a few um) request to squeeze the beam optics
in the interaction region and thus this leads to a complicated lattice with reduced tuning capability.
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Such an R&D platform was discussed in the context of the PERLE “Powerful Energy Recovery Linac for
Experiments”. This project aims at building an ERL prototype (the proposed site would be located at 1JCLab,
University of Paris-Saclay) for the Large Hadron electron Collider (LHeC) with a high current (15mA) and high
energy (up to 450 MeV) using a multi(3)-turn design [PERLE18cdr, EICUG2019]. The adjunction of an upgraded
photo-fission source to this ERL, could represent a technical option to perform the first stage of a R&D project
on a SCRIT-like device at lower luminosity. However this would require to organize an expert team on the
technical issues (see below, work plan).

For the electron recirculating linac (ERL), the IBS is not anymore a problem and we can work at lower energy. A
first layout has been shown at 530 MeV. A special effort must be performed on the electron source quality.
That is why a proposal of an intermediary step was made, in 2016, with a 140 MeV demonstrator to validate
some of the key points of such a machine.

lll. 4 Technical constraints for the electron accelerator and for the ion trap

If the project is launched in 2021, having a one-year work with two experts of the field, we consider that the
final choice for the machine design -deciding between synchrotron or ERL, giving the consolidated machine
parameters-, could be obtained and explained in the detailed technical report at the end of 2021. This project
is also mandatory to know precisely i) if the L ~10% is definitely feasible, ii) the optimization possibilities of the
machine performances, and iii) the limitations on the luminosity due to the beam characteristics and to the ion
trapping processes.

Here for the present report, our purpose is to outline the main questions related to the technical options and
to identify the key points for the simulations and for the benchmark studies.

We have identified the necessary inputs for the preliminary quantitative studies that could be carried out in
detail during 2021:

- Realistic initial beam conditions and estimates of the dimensions of the interaction region, based on typical
RIB cases;

- Number of trapped ions, emittance of the beam in the interaction region,

- Limits of the potential electron beam intensities and emittance according to the technical choices of the
machine;

- How these parameters develop with time.

For the purpose of this report, we gathered in a very preliminary study first elements from which we could
examine the various technical solutions (ERL, synchrotron, design of the ion trap and dimensions.

We have also checked the sets of parameters, on the basis of a complete bibliographic study. From the values
reported in the articles describing the existing machines, we made simulations to reproduce the present
limitations of the beam conditions (size, number of ions).

The optical characteristics of the electron beam have to be discussed taking into account the dimensions and
limitations of the trap. The ETIC project was conceived to increase the luminosity by a factor 100 up to ~1000
compared to the SCRIT technique, by increasing the machine performance on two main characteristics: the
electron intensity up to 200 mA, as in SCRIT, but with an electron beam optics, that would enable a significant
decrease of the surface of the interaction volume, by a factor ~1000 (S divided by ~1000 in Eg. 5), for an active
trap length of 16 cm. It would correspond to a rms size of the beam decreased to 0.01 mm in the trap area.
We revisit here the ETIC project by examining the characteristics previously obtained, and give here more
realistic estimates for an advanced electron-trapped ion collider.

In the ETIC project, the 10% cm2s? luminosity goal was reached assuming Na = 108 trapped ions and the electron
beam intensity at le= 200 mA (1.25 10 e-/s), with the electron beam section o, oy at the interaction point (IP)
of about 10 m? (10 cm?). As a consequence of this very small size at the IP, the beam optics should integrate
the following constraints: a transverse coupling K=€,/& of 50%, the transverse Twiss functions, 34, By, at the IP
have to be a few 0.1 m with a horizontal emittance &, of a few 1 nm.rad.

Finally, such small size at the IP poses 2 types of problems:
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- it increases the electron beam instability due to Intra Beam Scattering and reduces the Touschek lifetime, as
readily realized in [ETIC15],

- it hardly matches with the best typical ion cloud dimensions one can hope for, oi within a few 100 um, as
realized in studies carried out for the preparation of this document. We outline the conclusions of these studies
below (detailed explanations are given in Appendix B.1).

We should examine the more realistic cases for the ion and electron beam optics. In the simplified luminosity
expression (Eq.8 in part Ill.1) we took the assumption of the collisions between two beams with a Gaussian
transverse distribution and same beam sizes in x and y directions. The beam size is assumed to be constant
along the bunch at the IP: the hourglass effect is thus neglected. This assumption was made for the ETIC project
where we expected that the ion beam can be captured with the same radius as the electron beam and that the
number of captured ions does not depend on the electron beam current.

The studies made in the present project has shown that this assumption was too strong and that we should
consider the case of the ion and electron beams with different sizes to reinvestigate the constraints, both on
the electron beam optics and on the ion trap processes to increase the luminosity. We can still assume Gaussian
beams. Taking different beam sizes, from Eq. 6, the limits on the luminosity can be seen as:

(Ie)? F

Ie Ny Ai
= — < [Eq.9]
e o /O'x,e2+0'x,i2 /Uy,e2+0'y,i2 e > /O'x,e2+0'x,i2 /Uy,e2+0'y,i2

The advantage of this second expression is to emphasize the fact that we are driven by the largest beam size:
having a very small value for the electron beam is of no interest if that is not the case with ions.

Taking into account the fact that the number of trap ions is a function of the electron beam intensity according
to the ion type and reaches a maximum value, function of le.

We note Fai the factor for this maximum, with Na< Faj le. The limits of luminosity appears clearly as a function
of the square of the electron beam current in the inequality of Eq.7. Fai factor is a constant which depends on
the trap geometry (liop) and of the mean charge state Qm (number with time evolution, potentially from 1* to
10" or more) to be determined with detailed studies and measurements.

It can be expressed as: Fai = (liap/c) /[0e*Quml.

L

Moreover, since the luminosity depends on the overlap surface between the electrons and the ion cloud, it is
not useful to decrease the electron emittance if the ion cloud surface is large: a large ion beam size with a small
electron beam (factor 10 smaller in one x or y or both directions x,y) will result in an overall reduced trap
efficiency (below 10% and even below 1%).

Discussions on the ion trap conditions

Our preliminary studies on the ion trap characteristics consisted in:

- simulating the injection of a bunch of 1* ions freshly cooled in an RF trap into the electron beam;
- simulating the capture of such 1*ions in the electron beam thanks to charge breeding;

- calculating the ion temperature as a function of the charge state and trapping time and comparing it to the
trapping potential.

From the first simulations (realized using the SIMION code, not detailed here), it appeared that despite a careful
injection using ions cooled to cryogenic temperatures, the 1* ions are initially orbiting in radii of the order of
0.5 mm around the center of the electron beam. The initial radius then shrinks rapidly (< ~1-10 ms, depending
on the initial overlap between the electron beam and the ion cloud) thanks to charge breeding (transformation
of 1* to 2* and subsequent charge states thanks to successive electron impact ionizations): such charge
transformation triggers the capture of the ions in the potential of electron beam. An important effect
counterbalances this shrinkage, which is the ion heating from collisions with the electron beam. A formula
derived from [Bec81] for relativistic electrons shows that for relatively small charge states (10*) for a typical
13250 beam such heating rapidly counterbalance the confinement potential of the electron beam. This effect
depends critically on the ion charge state and, even more importantly here, on the size of the electron beam,
defining the electron density, which scales as 1/ce : % — 0104+ j, * (QZ /4) [Eq.10]
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where E is the radial average energy of the trapped ions (dE/dt in eV/s), je the electron density (A/cm?), Q the
charge states of the trapped ions, and A; their mass number.

The radial energy estimate is represented in Fig. lll.4.1 as a function of the electron beam size, and for a typical
case of 1325n(10%) trapped during 1s in a 200 mA electron beam. The radial energy has to be compared to a
maximal confinement electric potential of 6 V, corresponding to a maximal axial energy of 60 eV for the ions to
remain trapped. For illustration purpose, the radial energy estimate is also shown for a 20* charge state (note
that in this case one has to consider a maximal radial energy of 120 eV, not shown on the plot).

Radial energy (eV) Figure I11.4.1. Radial energy as
150 | . estimated from Eq. 10 as
—— 10+ ions .
function of the electron beam
20+ ions radius using parameters as given
100 | Radial potential for 10+ ions in the text. The electron beam

creates a potential well whose
depth is displayed here for 10"
ions. Beyond this value, all 10"
ions are deconfined.

L s . radius(mm)
0.2 04 0.6 0.8 1.0

As it clearly appears from Fig. 111.4.1, a radius well below 200 um would inevitably yield important confinement
losses, especially when considering that the potential well created by the electron beam will be progressively
compensated by the space charge of the trapped ions during charge multiplication. The 10* charge state has
been found to be dominant in SCRIT for trapping times as short as 200 ms for stable Xe ions. In a case of an
electron density multiplied by ~25 as projected here, the 10* charge state should be attained in about 10ms, as
is known from standard EBIS scaling laws: g~log (je - ) where 7 is the charge breeding time.

Eventually, the number of trapped ions will be limited by the ion charge state, when the electron beam is fully
compensated. This is a second reason for limiting and controlling the multiplication of charge states of the
trapped ions. To overcome these limitations, we propose to decrease the charge states of ions and their radial
energy by regularly recirculating the ion bunch every ~10 ms in a RF trap filled by buffer gas.

From Eq. 10, it clearly appears that an electron beam radius of ~ 200 um is the physical limit beyond which the
ion confinement significantly degrades in the trap. With this constraint in mind, we can use Eq. 7 (see /ll.1) as a
figure of merit to define the best parameters to aim at luminosities at least 10 fold enhanced compared to
SCRIT (above 10% cm s), using RIBs sufficiently well produced to hit the maximal trapping capacity.

Figs. Il1.4.2-3 show how such objective can be attained by varying the electron beam radius and intensity, and

assuming a maximal number of ions fully compensating the electron beam space charge. A typical trap length

of 120 mm was assumed (see discussion below). From Fig.lll.4.2, it is clear that an electron beam intensity of
at least 200 mA is required, when considering an average charge state of 10" in the trap and an achievable ion

cloud radius of 0.2 mm.
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Figure 111.4.2. Luminosity (from Eq.9) as a
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The ion cloud minimal dimensions as derived from Eq. 10 yield a fundamental difference with the original ETIC
project, which was challenging for the electron driver (as mentioned above, a 10 um size at the IP implied
stringent IBS effects).

Reconsidering the original objectives by taking into account a 10-fold increase of the dimensions of the IP, the
constraints on the electron machine are somewhat relaxed. The achievable luminosity has to be optimized by
increasing the number of trapped ions rather than on reducing the size at the IP, which is another challenge.
To further validate the above considerations we have also performed dynamical simulations of the ion
trapping using the WARP simulation code (see Appendix B.2 for details). The main outcome is that, in all
considered cases (i.e. varying radii of the electron beam and the ion cloud, the ion charge state, the trap length,
testing different species), the simulated trapping capacity is close to the maximal theoretical capacity (full
compensation between the ions and the electron beam space charge). Some examples are shown in Fig. lll.4a,
where the simulated number of ions overlapping with the electron beam is displayed as a function of the
number of injected ions, for different trapping conditions. As visible from the lower curves, even when the
injected ion beam has a size larger than the electron beam, a significant fraction of the injected ions ends up
overlapping with the electrons (up to a few times 108).

These results support the use of a number of ions fully compensating the electron space charge in the estimates
below. Be careful that the Fig. I11.4.4 is shown to underline the potential maximum number of ions, which
corresponds to the maximum value of “N;,” (x-axis) for which the “Noveriap/Nini” (y-axis) is maximum and
constant. The value itself of the Noveriap/Ninj ON the vertical axis is not to be considered at this stage since the
mean value overlap depends on dynamics effects which are not yet understood and predicted at present. See
Appendix B for discussions of the various cases. Mainly, these simulations are useful to show that the maximal
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trapping capacity can theoretically be attained, after an evaporation of the ions in excess, giving some credit to
the luminosity estimates done here and in the table below.
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Figure I11.4.4. Simulated number of 132Sn'* ions overlapping with the electron beam after injection (t ~ 0.5 ms) for different
values of electron beam oe and injected ion beam oi. An electron current of 200 mA and a trap length of 10 cm were
used. In all cases a saturation appears close to the maximal theoretical value (for a number of ions compensating the
electron space charge), Noveriap™™ = 4 10° for these conditions. The simulations were performed using WARP (see
Appendix B for details).

We give in the table /1.4 typical estimates for luminosities, considering different achievable cases (with circular
beams Ge =Oxe = Oye and Gi = Oxi = Oy,.. The detection zone will be less limited with a short length trap.
Compared to the SCRIT design (40 cm) the typical length could be reduced, between 10 to 20 cm. For
comparison, we also give the numbers for two cases, 10 or 16 cm. Luminosities for 1* are given as a reference,
but charge equilibration will be at higher charge states. Going from 1* to 10* charge states, the number of
trapped ions is divided by a factor 10, so is the luminosity. In practice, with the physical effects of the charge
state equilibration and of the self-confinement the luminosities will be found between these two cases.

lon trap Electron beam lon beam Electron cloud density Luminosity
Trap length (mm) Beam size (mm**mmY) (mm3) (charge states) cm?st
dx*dy (mm"*mmV) area overlap (%) ->max number of trap ions
(full compensation)
SCRIT 1H*2v 3H*gVv 13,3% | 5.08 10* (1*) >1.710° | 2.510%
400 mm (10*) >1.7 108 | 2.510%
e-RIB GANIL tests
tests 1 160 mm 0.5"*0.5Y 0.5"*0.5V 100% | 1.3210° (1*) >6.710® | (1*) 2.6 10%®
(10*) >6.7 107 | (10*) 2.6 10%
tests 11 100 mm 0.5"*0.5Y 0.5"*0.5Y 100 % | 1.3210° (10*) >4.2 10’ | (10*) 1.6 10%
tests 111 100 mm 1.0%Y 1.0%Y 100% | 3.3 10° (10*) >4.2107 | (10*) 4.1 10%*
tests IV 100 mm 0.5"V 1.0%Y 25% | 6.6 10° (10*) >4.2107 | (10*) 8.3 10%*
tests V 160 mm 0.2"V 0.2"V 100% | 8.3 10° (1Y) >6.710% | (1%) 1.7 10%
(10*) »6.7 107 | (10*) 1.7 10%®

Table 1ll.4. Calculated luminosities for various test cases of the ion-trap parameters and of the beam emittances, for an

electron intensity of 200 mA (N.=1.25 10* /s).
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These solutions have to be explored in details considering the goal of a luminosity of 10% (and possible evolution
towards 103%31) and all the physical beam constraints of IBS and space charge limitations at the interaction point
precisely. We stress that it could be found that, after the R&D phase the targeted luminosity of 10%is hardly
insured, because ofr amongst other effects, ion heating effect (trap issues) or intra beam collisions (electron
accelerator issues related to the maximum intensity around 200 mA in the interaction point). The present
known limitation is given by the SCRIT experiments that is around 10%” for a maximum of 108 trapped stable
ions.

Several questions about the ion trap technique require detailed studies, including both simulations and
benchmark tests with a demonstrator for a quantitative investigation of the various physical processes
introduced in this section: ion heating, ion beam capture thanks to charge breeding, ion charge state
reprocessing in a RF trap filled by buffer gas. The ion trapping performances such as maximum space charge
capacity, overlap between ions and electrons, as well operational parameters like the possible duty cycle
including the recirculation of the multi-charged ion cloud are to be carefully determined.

We underline that some of these effects are not well described or not taken into account at present in the
ion trap process simulations. A demonstrator for the ion trap device is therefore mandatory to cross check
the numbers found in the simulations.

The stability for the high luminosity conditions would also require to work on the accelerator machine tuning,

efficiency of the ion beam transport, operating conditions of the trap (electric field stability), vacuum
conditions (of the trap and of the beam lines).
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Ill. 5 Parameter sets for the electron machine

The parameters of the electron machine are discussed here taking into account physics cases requirements and
considerations of technical feasibility.

From physics requirements for the main physical cases, beam energy at or above 500 MeV (500-700 MeV)
would be an ideal range.

Intensities above 200 mA together with a good trap efficiency will ensure luminosity around 10242 for all the
isotopes (from light to heavy) and potential increase up to 10?° which would open the possibilities to access the
processes at larger momentum transfer and lower rates, like inelastic scattering at large angles, and (e,e’p)
processes.

Electron currents should be at 200 mA and potentially higher.

We discuss here the technical constraints on the possible solutions of the synchrotron and of the ERL.

For the ERL solution, two modes are possible, single turn or multi-turn.

In the literature, the state-of-the art ERL machines are for 10 MW beam power. Projects can be found running
with maximum intensities around 100 mA (single turn) but for much lower beam energy, 100MeV. The project
at higher energies than 100 MEV are for a few 10 mA (multi-turn), and in the case of a 100 mA, 500 MeV
machine, the scope is beyond existing projects by a factor 5.

The increase of intensities with the ERL could be obtained using a multi-turn design, resulting in several beams
of electrons at different energies, which is not what we need for the experiments: one given incident energy
for the electron scattering on the ions. Furthermore the energy has to be well defined, typically + 50 keV at
500 MeV, corresponding to a relative energy error of 10

In fact, the multi-turn design would correspond to a more compact ERL since we reduce the number of cavities
(multi-path scheme) and thus the length of the straight sections.

The beam current does not increase. In fact, it decreases because we have several beams going through the
cavities. The beam current seen by the cavities is thus larger but the current for the energies of interest is
smaller. Moreover, because of instabilities and growth rates, we cannot afford the same average current in the
cavities with multi-turn compared to single-turn schemes.

In summary, in the case of the ERL, the multi-turn does not allow reaching currents up to 200 mA. To get a
larger beam current, we should keep the single-turn scheme, but the increase of intensities in the single-turn
ERL requires R&D to check the feasibility at 200 mA.

We compare below the synchrotron and the single-turn ERL below in terms of the physics requirements and of
the technical difficulties or advantages for the machine feasibility.
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Comparison between the synchrotron and ERL solutions - Technical constraints

Assets-difficulties | Synchrotron ERL

Intensity The mean currents are higher since Assets : current stability, there is always a

200 mA feasible the source and injector are not in a « fresh » electron beam;

with synchrotron | continuous mode and it is possible to Energetic efficiency; better availability of

Not with the ERL | accumulate, resulting in less the machine (no cycle to prepare)...

(multi-turn) constraints on the injector (the A demonstrator (at 140 MeV) would be
equilibrium emittance is given by needed to ensure that such currents (200
the ring, with the synchrotron mA) can be reached with the target
damping). tolerances.

Asset: higher average current.
Beam line design | The average beam power in the dump Assets: a stop block at lower energy (better
Detection area is low. Indeed, the peak deposited on the radiological point of view) reduced
Stop beam power can seem high (about 100 MW) beam dump activation

but it is deposited on a very short time
(one revolution time of about 0.36 pus),
which corresponds to a beam energy
of 36 J. Since the beam is lost with a
frequency below 1 Hz, the average
deposited power in the beam dump
will be below a few watts.

Asset: small average power on the

beam dump.
Operations Overlap between the required For the electron recirculating linac (ERL), the
Stability of the parameter sets (acceptable one, IBS is not anymore a problem, we can work
physics potential) at lower energy. A first layout has been
parameters shown at 530 MeV. A special effort must be
performed on the electron source quality.
With an ERL the beam fluctuations can be
better regulated than in the case of a
synchrotron, it is easier to maintain the
beam emittance parameters.
Assets: out-of-equilibrium medium, beam
characteristics (emittance...) determined
by the injector, no intra-beam scattering,
possibility to reduce strongly the beam size.
BBU instabilities: unknown issues
Long-term goal 200 mA is reachable. A few 10 mA in multi—turn. Several electron
machine Higher intensities should be studied. energies not adequate. Physics
performances requirements: one given energy for 200 mA.
Limitations Around 100 mA with single-turn
How to increase the intensity in single-turn?
Costs* Less risks for this solution: the French Complexity of the machine.
Construction / community has the know-how to reach | Unknowns about the 200 mA intensities.
Operation the parameter sets for the physics. Physics effects (IBS) have to be estimated
Feasibility Expert of the domain can work to define | Less expensive in operation costs?

the machine design in a few-year
detailed project, state-of-the-art
machines are known. RF budget is
reduced...

#The cost of the machine, depending on the synchrotron or ERL solutions has to be examined once the parameters of the
machine are precisely defined, in the pre-detailed project in 2021, since it depends on the choice of the injector and on the
elements.
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Finally, the ERL assets are numerous, but, to work with a given energy we need single-turn ERL, and the
technology is not demonstrated in this case for reaching higher intensities like the 200 mA we require at the
large electron energy above 500 MeV.

The initial requirement of a low emittance beam at the IP (size around 1 pum) was against the synchrotron
solution. Now with a larger beam spot size at the IP (> 100 um), the synchrotron appears as a good competitive
solution to ensure the 200 mA with less risk for the development of a feasible machine.

The consolidation of the parameter sets is of utmost importance to evaluate the needs on the machine design.
In the machine studies with various design options, the IBS effects and beam instability have to be carefully
determined to ensure the feasibility of the machine with the parameters needed for the physics case. This step
is mandatory before retaining any solution.

Whatever the electron machine design, a key point is the ion capture efficiency. The more efficient the
capture is, the less intensity we need. The parameters can then be relaxed.

That is the reason why an intermediary step is proposed to host the ion trap on an existing electron machine
to test the ion efficiency by varying some key parameters like the electron beam size.

If we want to demonstrate the ion capture efficiency, we would need benchmark tests, done at an electron
machine which can deliver a beam size smaller than 0.1 mm (or similar to the target one), a sufficiently high
average current (to achieve the saturation in the ion trap) and sufficiently high energy. We also need to have
enough place to host the trap plus a detector.

A work plan could be defined with the expert group of the TU Darmstadt (following the recent studies by the
MESA team working on these questions [NimERL19]) about the beam instabilities for various physical cases,
varying the sets of parameters of the beam size, beam intensities.

Energy 500 MeV Higher than 200 mA: IBS effects could be
Total length 107.372m difficult to overcome (equilibrium emittance
SCHRCHRE e :chi?srggozp:szdg.as a cost on beam qualit
Qx/Qy i s — (and coild enhance the beam insta%ilitiez
ac 2.5910 and IBS effects, deteriorating the gain in
Energy loss/turn 3.32keV intensity increase).
ﬁnyp 4.08/4.15m
Bxy,max 6.3/20.5m Other parameters of the accelerator have to
Dx max 0.14m be examined for the operation mode in the
RF energy acceptance 2.0% detailed project.
RF Voltage 107 kV
Coupling factor 50 %
ST I ) i The detailed discussion on the choice of
Energy spread (No IBS) 04510~ parameters and IBS effects is given in
Bunch length (No IBS) 8.03 mm Appendix C.
Hor. /Vert Emittance (1BS) 1.80/0.9nm
Energy spread (IBS) 0.9210°°
Bunch length (IBS) 12.2mm
Touschek lifetime 1.36h

Table I11.5. Electron machine-trap parameters to reach the targeted luminosity at 10%° : beam parameters with IBS, trap

characteristics
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Note that in the detailed pre-project study for the envisioned solutions, we need to include other considerations
in the discussions, to check if the proposed machine design is compatible with the following mechanical
constraints of the available volume around the Interaction Point:

- including the space needed for the trap, with the known characteristics (length ~ 120 mm, with a cylindric
shape, diameter to be defined) and the design of the electrode patterns (following WARP simulations and
demonstrator tests of the trap, to fix the pattern);

- including the interface between the trap and the detection arrays around the beam line, the volume has to be
estimated in the machine design studies. For instance in the case of the SCRIT facility the trap and injection
system length is around 2 m;

- including the space needed for the detection systems.

For the typical dimensions of the area for the electron spectrometers we could consider the three spectrometer
area Al for electron scattering at MAMI facility [Mami98] or the HE1 Hall at ALS Saclay [ALS80] where “the
total apparatus with carriers and shielding weighted 1000 tons and was 12.5 m high”.

l1l.6 Possible scientific, medical and industrial applications

Once the parameters of the designed machine are defined there will a discussion with the potential users willing
to exploit the electron beam for applications. For instance, having a second interaction point located in a branch
of the beam line could open possibilities to make electron-matter collisions useful to characterize materials.

In Appendix F, we explain which potentialities can be foreseen and discussed with the groups, especially the
Medical applications of very high energy electron (VHEE) beams for therapy.

At this stage of the studies of the machine we could already give them a preliminary information on the overall
possible parameters for the electron beam, to check if some adaptations of the beam line could fit their
requirements for their applications, , provided that the changes are compatible with the optimized range of
values we define for the sets of parameters in VI.1. The most efficient way to prospect for the potential
applications would be to organize a workshop at the end of 2021, to present to the potential users the possible
design of the machine and ask whether the electron beam characteristics could be interesting for them, with a
dedicated beam line for instance. This would be also the good schedule to discuss some modifications of the
beam line design (lengths, elements ...) before entering in the CDR phase in 2022.
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IV. Spectrometers and detection

IV. 1 Kinematics, transfer momenta and cross sections

Decades of electron scattering experiments on stable nuclei accumulated knowledge on the requirements and
limits of a suitable detection system. We propose here to revisits them in light of the new constraints of working
with unstable nuclei. We recall the requirements and the limits of the detection system, based upon the
knowledge accumulated on the stable nuclei.

For most of our test cases, including elastic and inelastic scattering measurements for a large region of
scattering angle (~10 to 170 deg) an energy resolution around 100 keV or better would be sufficient to separate
the first excited state from the elastic scattering peak. At incident electron beam energies around 500 MeV, this
would correspond to a momentum resolution Ap/p ~ 10 (Figure IV.1).

The region of scattering angle would correspond to transferred momenta: q ~0.5 to ~4 fm™.

An angular resolution of 0.2 deg (3.5 mrad) would guarantee granularity sufficient to draw the global pattern
of the cross sections, with an angular range high enough 25° — 155°.

Low background conditions are mandatory to perform low cross sections measurements for the elastic and
inelastic scattering at the largest g momenta and for the separation between inelastic processes.

Note that the equilibrium energy spread in the synchrotron is rather 103, one order of magnitude above this
value. If the intensity increases, the equilibrium momentum spread will also increase.

An energy spread around 10* is a challenge. Otherwise, some tricks should be used (for instance dispersion in
the IP region) to separate the electrons in energy. This will be studied in the design report phase of the project.
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Figure IV.1.Energy resolution for the measurement of the excitation functions, as a function of the momentum resolution (a),
of the angular resolution (b) and of the energy resolution of the spectrometer.

In the case of coincidence experiments, for (e,e’p) measurements, the set-up will be designed to combine two
spectrometers, offering large energy and momentum acceptances and good energy and momentum
resolutions.

IV.2 Electron spectrometer

A variety of electron spectrometers has been designed in past experiments on stable targets. Among them we
can mention the ALS [ALS80] in France, NIKHEF [NIK98] in The Netherlands, and MAMI [Mami98] in Germany.
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The three design shared similarities, namely an adjustable angle for the spectrometer, large entrance windows
to maximise solid angle, and a high momentum resolution typically around 10, These were achieved at ALS,
NIKHEF and MAMI facility with large gap, normal-conducting spectrometer, employing Dipole, Quadrupole and
in some cases Sextupole elements.

The focal plan of NIKHEF and MAMI spectrometer were designed to measure the angle of the detected particle
using drift chamber, not dissimilar to the ones currently used by the nuclear structure community, e.g. at the
focal plan of VAMOS [specG] at GANIL or SAMURAI at RIKEN [specR], to measure the trajectory of the incoming
particle.

Current expertise in building, operating, and analysing large drift chamber is a key asset of the community.

In addition Cherenkov detectors were developed in order to separate protons from electrons, allowing the same
spectrometer to be used for both (e,e’) and (e,e’p) studies.

An additional difficulty in our detection setup will come from the large extension of the interaction region, up
to 12 cm. In comparison the MAMI three spectrometers experiment was designed to accept target length of a
maximum of 5 cm. This additional constraints means the trajectory of the scattered particle may needs to be
reconstructed more precisely by additionally measuring the incident position and angle closer to the entrance
windows.

Typically those spectrometer were setup vertically around the interaction region, allowing them to easily rotate
around the target. This design implies a typical ceiling height of ~ 10-15 m, while keeping the floor area of the
experimental vault relatively small.

Spectrometer | Configura- | dp/p Mom. Solid Max B (T) | Focal plane | Focal plane
tion Accept. | Angle length (m) | detection
(%) (msr)
ALS 600 D 4,10* +10 6.7 1.5 ~1.5 MWPC
-30 Cherenkov
Scintillator
ALS 900 D 1.510* |+5 5.6 1.67 ~1.5 MWPC
Cherenkov
Scintillator
NIKHEF A QbD 1.10* 5 5.6 1.43 1.05 DC

Gas Cherenkov

NIKHEF B QbQ 2.10% +5 17.2 1.56 1.00 DC
Gas Cherenkov

MAMI A QsbD <1.10* |£20 28 1.5 1.73 4 DC
2 plastic planes
1 gas Cherenkov

MAMI B D <1.10* |15 5.6 1.5 1.77 4 DC
2 plastic planes
1 gas Cherenkov

Great care needs to be done in designing these spectrometers and their associated detections. The technical
expertise for designing, building, and installing such magnetic spectrometer is currently available and the new
design could take advantage of the increased in readout and processing capability of modern electronics.
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(e,e’p) experiment will require at minimum two spectrometers in order to detect both the electron and the
proton at different angles. In the case of (e,e’) experiment these two spectrometers will be used to increase
solid angle coverage.

IV.3 Heavy ion detection

The most important constraints for the detection are given by the (e,e’p) observables.

There will be the beta-decay of the radioactive beams and we will need to identify and separate the reaction
products from the (e,e’) and (e,e’p).

To get complete sets of data, the reconstruction of the kinematics is needed, in coincidence with the particle
identification of the ejectiles, in a triple coincidence electron/proton/nucleus or electron/ photon/nucleus.

A detection adapted to the focal plane could be designed to detect either electrons or protons.

Heavy ion detection could be critical in the case of scattering experiment on unstable nuclei. Unlike stable target
experiment, our target contamination could evolve over time, would it be from isobaric contamination of the
injected beam, or from the beta decay of the trapped ions.

Because of these new constraints, detection of the heavy ion in coincidence with the scattered electron is highly
desirable. The task is however difficult, with typical energy ranging from 2 to 5 MeV total, such ions are difficult
to detect, and even more difficult to identify.

A thorough R&D program needs to be performed in order to develop the adequate identification apparatus.
One could however elaborate on the property of such a device.

The low energy of this ions means their travels and detections needs to happen under vacuum and given the
extremely low rates and energy deposits, the detection needs to be made in a low noise environment, not
compatible with detection close to the interaction region, where delta rays are the main source of background.
Ideally, a device allowing separation and transportation of the ions away from the interaction setup would be
ideal, and would allow time of flight, hence mass, identification.

The Z identification is the most difficult part, where either a silicon PSA base identification (as done for the GRIT
[spGrit18], FAZIA [spFa17] multi-detector arrays) would not work with current technologies, because the ions
would stop within the inactive layer of the silicon wafer. Gaseous detector could be adapted to this task, and a
thin windows Bragg chambers measuring the depth of the Bragg peak could be an avenue of exploration,
building upon the detection expertise existing within the ACTAR [spActar] collaboration.

This innovative R&D program could be performed at existing low energy facilities, while the detection expertise
and engineering resources already exist within the community. To this end the characterisation of the
background around the target is an essential task that could be started at the only existing facility with similar
target densities, SCRIT, and continue when the ion trapping device would be tested.

IV.4 Beam and luminosity monitor

Beam monitoring and luminosity detection is also a key aspect of the experiment, allowing to fine tune the ions
trap at the beginning of the experiment and subsequently extract absolute cross section.

To this end, the SCRIT [Scrit09] experiment is emptying its ion traps regularly counting the out coming ions.
Additionally, an electron beam loss detector is placed downstream of the Interaction Region.

Both technique are useful in tuning and monitoring an experiment; similar devices suitable to our ion trap
system need to be developed. This would represent an obvious topic of collaboration with ongoing
development of the SCRIT experiment in Japan.

27



V. Radioactive isotope production

Note that for the electron-ion project, we do not plan to deal with the most exotic species close to the driplines,
which are typically associated to low intensity beams and have lifetimes < 100 ms, too short for the ion trap
technique.

In a first step, we plan to focus on radioactive beams easily produced at intensities at and above 107 /s. With
these rates, we should be able to measure e-Rl cross sections and to extract the nuclear form factors of neutron-
rich or deficient nuclei. These experiments would give rise to completely new studies of the nuclear shapes,
which are not known at present, since only radii have been obtained for some species, mainly by laser
spectroscopy technique.

The beams of interest could be obtained from the present GANIL/SPIRAL1 and the beams foreseen in the S3
project as well as the ones that could be produced by photofission. Since GANIL offers RIBs without post-
acceleration, it is well adapted to a SCRIT-like technique.

We have identified 5 main possibilities for producing RIBs at GANIL using presently operational drivers
(CSS1&CSS2 at GANIL, SPIRAL 2 LINAC) and an additional commercial electron driver (Rhodotron from IBA). The
different drivers would allow one to cover a wide range of very different regions of the chart of isotopes, which
would be an indisputable asset for probing nuclear models with the electromagnetic probe, as developed here.
The motivations for extending the production capabilities of RIBs by GANIL have actually been discussed in
[sp2Gan] and [sp7RFQ] in a wider scope, including the possibilities of studying the most exotic nuclei at DESIR
or with reaccelerated beams. The main production mechanisms envisaged in the future of GANIL are regrouped
in Tab. V.1.

Neutron deficient

heavy (A>200) ion beams,
| up to 108/s
Refractory fission
fragments

using intense proton
beams (not possible
at $3)

Fusion fission
reactions

production building

~>20307?

Facility Beams, Intensities | Reaction When Comments
mechanism
SPIRAL 1 A <80, lupto~10°/s Fragmentation Many are ready, Fusion
some to develop evaporation
possible
S3-LEB Mid-heavy to heavy Fusion evaporation Starting on-line
neutron deficient beams development as of
A>40 > ~270 2023
S3 operation around
I up to 106 /s 2026
Gas cell/ Light to heavy (N=126) Multinucleon transfer | * After A/qis ready > | See App. D.1
production cave neutron rich beams, with Fusion evaporation in 2027 contribut.ion
with A/q=7 driver intensities up to 10° /s inverse kinematics or | * ideally in the of C. Theisen

Fission fragments
from LINAC

70 < A< 150 with
intensities up to ~10° pps

Fusion reactions

Light particle induced
fission (p,d,3He,*He)

Production building,
~>2030?

Fission fragments
from Rhodotron

Photofission

Production building,
~>2030?

See [sp2Gan]

contribution of
Delahaye et al.
and App. D.3-4

Table V.1. Main production mechanisms as envisaged for the future of GANIL ([sp2Gan, sp7RFQ]).

The more detailed description of the production modes can be found in Appendix D. Here we give a summary of
the main production techniques which could deliver the beams of interest for the electron-ion collisions.

V.1 Production techniques

We give the main elements about the various production techniques, a short description for each facility and a
few typical yields that would be available from these.
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V.1A.ISOL

Light (A < 80) exotic beams from SPIRAL 1

SPIRAL 1 is the only ISOL facility world-wide using fragmentation of heavy beams at intermediate energies (up
to 95 A MeV). This production technique permits the production of very intense beams in regions of the chart
of isotopes that can be accessed by the stable beams available from CSS1 and CSS2. It delivers many of the
highest intensities worldwide for neutron deficient and neutron rich isotopes of light noble gases (He, Ne, Ar).
With the FEBIAD ion source recently adapted to the SPIRAL 1 targets, many more intense beams are becoming
available. Beams from fusion-evaporation are additionally being developed, for complementing the production
from S3 LEB (see V.1.B) for the DESIR program. Beam intensities estimates are available from [sp2beams].
Typical beams with intensities suited to the electromagnetic probe:

bHel*: 2-108 /s ; °Ne®*: 1.5-10% /s ; 2Mg'*: 2-108 /s.

We can underline that the RIBs produced by the so called Isotope Separation On Line (ISOL) method would be
particularly suited to the studies of nuclear densities with the electromagnetic probe: the ISOL technique
permits producing intense (>10° pps) and pure (in some cases close to 100%) 1* beams with half-lifes ranging
from the fraction of s which are possible to manipulate in ion traps.

V.1 B. LINAG, Multi neutron Transfer reactions and fusion-evaporation with A/Q=7

Neutron deficient beams from S° LEB

The Super Spectrometer Separator Low Energy Branch (S® LEB) will permit accessing the neutron deficient side
of the valley of stability, thanks to fusion evaporation reactions with the very intense heavy ion beams available
from the SPIRAL 2 LINAC. The innovative gas cell technique, employing resonant laser ionization in a gas jet
[specS3], will enable a quite universal but selective production of the most exotic beams (beam intensities
estimates from [sp2beams)]).

Typical beams with intensities suited to the electromagnetic probe: *8Cs*: 3-10° /s ; 2 Am?*: 2:10°8 /s.

MNT and fusion fission from the production building

The third cave of the production building (“versatile target ion source(s)” on Fig. V.2.2) is another important
part of the extension proposed here. This cave is dedicated to the RIB production with the very intense A/g=7
beams from the SPIRAL 2 LINAC. Heavy ion beams at 5 to 10 MeV per nucleon enable the use of fusion fission,
fusion evaporation, few nucleon transfer, and MNT mechanisms. The heavy and intense beams of the A/q
injector would enable in such a cave the use of inverse kinematics reactions, which are particularly well suited
to gas cell or gas catcher techniques. In contrast with the standard ISOL thick target technique, the gas cell
technique permits to access exotic isotopes independently on their chemistry. A cave of this kind would
therefore be very complementary to the other 2 fission caves, by granting access to fission fragments of the
refractory elements Nb to Pd (Z=41 to 46), using fusion-fission reactions. The MNT reactions in gas cells provide
a unique access to the N=126 region, as attested by recent projects at KEK [spnuZ7] and ANL [spnu8]. It would
supplement S3 for the production of neutron deficient heavy isotopes by making an optimized use of fusion
evaporation reactions in inverse kinematics.

Yields estimates for some beams have been calculated in the frame of the present proposition and are
presented in more details in App. D.1. While only a limited number of isotopes with intensities sufficient for the
electromagnetic probe can be envisaged by using such production mechanisms, numerous beams would
become available for nuclear structure studies at DESIR or with a possible reacceleration, as envisaged in
[sp7RFQ)]. The third cave would additionally enable the use of a few nucleons transfer reactions, from which
copious beam intensities would become available, 2 to 3 nucleons away from the stability valley, as attested in
[spnu9]for light (A < 40) beam production.

Beam intensities estimates: some in target yield estimates can be obtained by measured cross sections available
from literature (see App. D.1). A typical gas cell flat efficiency factor of ~10% has to be accounted for.

Typical beams with intensities suited to the electromagnetic probe:

21%Ra* (fusion evaporation in inverse kinematics): 6.3-10° /s*8Bk* (MNT): 3.3-10° /s ; 3°S* (transfer): 2:108 /s
The appendix D.1 explains how the cave intended for the production building could be used for fusion
evaporation production in inverse kinematics, or using more classical ISOL methods with intense proton beams.
Fusion fission processes are also interesting for the production of fission fragments in a gaseous cell, which will
not be feasible anywhere else. It would give access to the refractory elements (cf Tab. 1).
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The production yields obtained for neutron-rich isotopes of Mg, Si, Ar, Ca from Multi neutron Transfer (MNT)
reactions using a *Ca beam are presented in App. D.2.

V.1 C. Fission fragments from the production building

Two methods are envisaged for the production of intense beams of fission fragments:

* Light particle induced fission, using the p, d, 3He intense beams from the LINAC

¢ Photofission, using the e- beams from a Rhodotron
Using these methods, we target fission rates of the order of 5:10? to 10*2 fissions/s, which is in the order of
magnitude of what is expected at SPES or ARIEL at TRIUMF for example, and what is already available at ISOLDE.
We should note however that the beams from photofission are free from contaminants from neutron deficient
isobars, which is an important asset of the method. The light beams from the LINAC would directly be impinging
on target, with typical power of 5 to 10 kW, while a compact electron to photon converter would permit using
up to 100 kW of 40 MeV electrons from the Rhodotron.

Beam intensity estimates for photofission
An exhaustive beam intensity estimate has not been done for this preliminary study. Nevertheless, first
calculations with PHITS, presented in App. D.4, show that 50 kW of e on a converter are enough to produce
more than 5-10% fissions per second. The in-target yields seem also to compare favorably to neutron induced
fission (phase 2) for the most exotic isotopes, although these numbers would have to be verified in a more
thorough study. Typical numbers for yields should be equivalent or better (due to enhanced effusion properties)
to ~ 3 times the beams calculated for SPIRAL2 phase 2 day 1 (~1.5-10*2 fissions per second, considering 50 kW
on converter, low UCx density target). In a preliminary step, beam intensities estimates are a factor 3 higher
than the beam intensities calculated for phase 2 beams, available from [Sp2beams].
Typical beams with intensities suited to the electromagnetic probe:

182901+, 3.10% /s; 134Snt*: >107 /s ; %8Kr'*: ~5-10° /s (using in target yields from App. D.4)

A multi-user facility as an advantageous alternative to SPIRAL2 phase 2

The original SPIRAL2 phase 2 was considering the usage of a 200 kW deuteron beam on a graphite wheel as
neutron converter to produce about 3-10* fissions per second in a voluminous target: about 2.3 kg of UCx,
while e.g. SPES will use a 30 g target. As developed in [spnu4] it has been proven in numerous collaborations
the last years that such a solution, while optimized for the production of relatively long lived isotopes such as
13251, would strongly penalize the production of short-lived isotopes:

- The high density material considered for the nominal target was found to have limited release properties
compared to standard (or historical) UCx targets (used at ISOLDE/CERN and ALTO) and optimized target
materials with lower densities, as demonstrated in [spnu5, spnu6];

- The large volume of the target and the target unit give potentially orders of magnitude lower yields for exotic
short lived isotopes, for elements where the effusion time is penalizing, see App.D.3 for a more detailed
discussion.

In comparison, the use of a direct beam impinging on a compact target as SPES or ISOLDE is expected to give
better yields for exotic isotopes, such as 13%Sn, as intensities relates with power-laws of the release parameters
compared to a linear dependence on the number of fissions/s. Photofission is another reaction mechanism for
which a very compact target is convenient, even when using an e to photon converter due to the short range
of photons in heavy material such as UCx, as exemplified in the design used for the ARIEL facility.

The original motivation for phase 2 was the re-fragmentation of 3?Sn to produce even more exotic isotopes.
The yield estimate for phase 2 for this isotope was of the order of 10'%/s of 1325n'*. Such an intensity was found
out to be too small by 1 to 2 orders of magnitude for the re-fragmentation to be competitive with direct
fragmentation at facilities such as RIKEN, FAIR of FRIB. At the same time, this yield is considered to be more
than enough for the electromagnetic probe, and many nuclear structure studies that could be undertaken with
other probes at DESIR or with an optional reacceleration scheme, requiring at most a few 108/s.

For these reasons, the French nuclear community represented in [sp2Gan] and [spnu4] advocates the use of
the alternative production methods as proposed here as an alternative to phase 2. Considering the original
production building envisaged in the scope of phase 2, the large volume foreseen for the production building
to be able to house the production cave, transport lines and its maintenance servitudes, the specific remote
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handlings and the biological protections around these areas, this can advantageously be replaced by the
processes presented here. Three production sites (3 in total as shown in the conceptual sketch of Fig. V.2.2,
including 2 for fissions) and a Rhodotron. Safety handling of the < 10® fissions/s targets and environment will
be simplified in many respects, partly due to the smaller size of the objects, lighter weights, less fissile materials,
less neutron flux, of the order of 103, compared to ~10% /s in the case of phase 2 from the stripping of neutrons
from deuterons. The multiple caves and additional drivers enable a parallel operation of the GANIL facilities
for experiments and beam R&D. This parallel operation has been identified as the critical prerequisite in Refs.
[sp2Gan],[spnu4] for carrying out ambitious programs at S3, DESIR and the electromagnetic probe facility.

V. 2 General Layout

The layout of the facility enabling all the reaction mechanisms for RIB production and separation at GANIL is
presented in Fig. V.2.1. It is given with a simplified scheme including a production building close to the SPIRAL2
LINAC. The production building would permit to benefit from the intense beams from the LINAC and would
possibly host a Rhodotron from IBA well suited for photofission, as detailed in Fig. V.2.2.

PRODUCTION BUILDING
" Extension proposed here

Figure V.2.1. Future GANIL facility including: 1) the present facility (in gray) with the two CSS1 and CSS2 cyclotrons, the
SPIRAL 1 facility, and the SPIRAL 2 LINAC under commissioning 2) the DESIR facility, entering soon its constructing
phase and which should get its first beams in 2024 3) the A/q=7 injector which should become available in 2027, and 4)
the production building as proposed here.
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Figure V.2.2.Details of the simplified sketch of the production building, as discussed in the text.

The general layout of the future GANIL facility including the electron-ion collider will be discussed at the end of
2021, when the preliminary design studies of the ion trap and electron accelerator are completed. The
discussion will also integrate the question of the detection system in the experimental area of the electron-ion
machine.

Note that it should be convenient (mandatory...) to have the accelerator close to DESIR, to take advantage of
the separation power and purification devices of the DESIR facility.

We need to check the optimized compromise for the location of the ion source, and we have to consider the
question of the accelerator location/ length with respect to the LINAG and to the DESIR cave.

It will be also one of the objectives of the detailed project (presented in the future possible technical design
report TDR in the years 2022-2025) to investigate precisely the questions related to the radioprotection safety
and the consequences for the infrastructure requirements, with the corresponding budget.

V.3 Estimated budget of the RIB production building and radioprotection issues
This part was elaborated from discussions with H. Franberg and X. Hulin (GANIL).

The possible cost for the production building has to be estimated completely including beam lines and
radioprotection issues, once the technical options are fixed as well as the choices for the RIB production modes.
Global considerations extrapolated from previous studies done at GANIL for SPIRAL2-phase 2 and for the S3
experimental areas will be useful to give an estimate of the project.

To give the order of magnitude of the building cost, we can underline that compared to the SPIRAL2 phase 2
(designed with a cave classified ‘Red” for radioprotection constraints) the future plan is to have 3 “yellow”
caves, which reduces the operation costs for and the complexity of the operations for the beam production
and for the experiments.

At first order, the budget and manpower required will scale as the volume/surface of the production building.
According to the very first analysis done, the 3 caves proposed here and the Rhodotron from IBA can fit in the
building which was originally studied for SPIRAL2 phase 2.
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As an order of magnitude, we can recall that the SPIRAL2 phase 2 cost amounted to around 60-80 M€ [SP2dr12]
as the end of 2012. To our knowledge, these costs did not include the full estimation of manpower needed for
the internal GANIL development on the project itself.

The overall cost of phase 2 was also revaluated in the framework of the GANIL prospective initiative 2025
[SP2dr15] reaching around 150 M€, accounting for the inflation on the building estimation, aleas (27 M€) and
an externalization of a part of the manpower (11 M€).

Costs estimates for the proposed building only.

For the discussion on the various costs, we could start from an initial estimate around 45 M€ which was given
in the APD phase in June 2011. This estimate should not be retained at this early stage. The various costs have
to be updated. However, it is interesting to see the sharing of the costs between the various types of technical
devices included in the project:

Site preparation VRD / 0.6 M€

main building operation (GC structural works) Classic ventilation 1 M€

13 M€ >29% Nuclear ventilation 6 M€ - 13.3%

Conventional fluids / 1.2 M€ Strong/low currents 1. 8 M€

General (handling operation) /1.6 M€ Cells 12M€ 2> 26.7%

Specific equipments (doors) / 1.6 M€ Radiological surveys /safety 1.7 M€
Special fluids 2.2 M€

The Rhodotron extra cost, including beam lines, will be of the order of 7 M€ according to recent exchanges IBA.

A detailed project study has also to launched in parallel to the electron machine in order to fix precisely the
parameters related to the beam transport between production caves and new experimental areas, including
the facility for electron-ion collisions.

Finally, taking into account the constraints similar in terms of infrastructures, we may expect a cost for the
future RIB building, around 100 M€. We outline that the cost of the production building should be completely
estimated including human resources request during the TDR phase. The manpower needs have to be fully
estimated for the whole phase of development project.
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VI. Grand Accélérateur National d'lons Lourds et Lepton (GANIL?)
VI.1 Regions of the nuclear chart covered by the facility

Fig. VI.1 illustrates how the fission fragments and beams produced by Multi-Nucleon Transfer (MNT) in this
extension would complement on the neutron-rich side the regions of the chart of nuclei covered by SPIRAL1
and S3, on the other side of the valley of stability. The region covered by fission would permit to cover four shell
closures from N=50 to N=82, starting at Z = 28 and covering Z = 50. Nuclear densities could be probed all the
way from neutron-deficient to neutron-rich exotic isotopes for isotopic chains such as 7¢%Kr, using
complementary productions from SPIRAL 2 and from the production building.
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Figure VI.1. RIBs available from the existing SPIRAL 1 and the soon-to-be commissioned S3-LEB facility (in blue) and
regions that would be populated thanks to fission and MNT reactions in the production building proposed here (in color
plot and orange).

V1.2 Projected Day 1 physics case and requirements for the beams

Range of unstable nuclei accessible for investigation via electron scattering.

Over the nuclear chart, the Rl which will be considered for the electron-ion collisions are the ones with long
enough lifetimes: long enough to allow the transport from the production area and the implantation into the
interacting region. We may consider a few 100 ms as the lowest manageable half-lifes (T1/2), but this has to be
further studied and precise conditions can also be fixed depending on the other beam characteristics.

Typical cycles for cooling and accumulation, mass separation in traps take a few tens of ms, which sets this
general limit. Possible processes that are being investigated for manipulating the charge state distribution of
ions in the trap, which develops with time and eventually limits the trapping capacity, would also take a few
tens of ms.

However, in a first step we can identify the easy, “Dayl” test cases for which we should be able to perform the
(e,e), (e,e’) and (e,e’p) studies and the ones requiring a dedicated R&D to overcome the ion trap limitations for
half-lives approaching a few 100 ms.

Straightforward measurements can be seen for the beginning of the machine operation with luminosities from
10% up to 10%: elastic scattering on light nuclei and nuclei in the region of shape coexistence (Sr, Kr) and of the
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change of charge distributions at the crossing of the N=82 shell effects (:*213Sn isotopes) with long half-life
times and high intensities.

13251 and %%Kr are easy test cases with long lifetimes and they could be produced at large intensities (>107 /s).
Examples of possible beams are listed in Tables VI.1A-B, showing the isotopes that could be produced and
trapped as rate higher than 107 ions/s for the Dayl experiments. They correspond to (e,e) scattering
measurements with enough luminosity to reach the form factors of the charge densities, not only the rms
charge radii. In some cases, this offers the possibility to investigate alpha-clustering configurations in mid-heavy
and heavy nuclei. In a first step, we can focus on the even-even isotopes, presenting a low density level of
excited states, which means that the separation between gs and excited states will be more favourable for the
(e,e) detection without inelastic background contributions, and the conditions are better to separate the
inelastic channels in the (e,e’) measurements. These isotopes are considered as first physical cases, because it
would be easier to produce them with improved techniques and in principle, the expected yields should be
greater than the 107/s requested value for the good conditions of the ion trapping. Also their long lifetime
makes them easier to confine in the electron beam cloud.

These isotopes represent the “benchmark” of the first physical cases studied in the R&D.

They are also the ones, which should be measured successfully in the electron-ion machine, before requesting
higher luminosities. In these cases representing the most favourable conditions, we should be able if the
machine requirements are satisfactory to trap them efficiently to insure the required luminosity.

The considered yields are the ones that can be expected with the most adequate production technique
identified in the previous sections. The numbers are the order of magnitude indicated in the GANIL web site
[sp2beams]. We can expect to reach beam sizes for these ions around 0.5"Ymm, and in some cases down to
0.2"V to ensure the performances in terms of beam overlap and to reach the number of trapped ions needed
for the luminosity requirements (see Table 111.4).

However, the emittance conditions have to be checked as well as the beam purity to ensure that they constitute
good physics cases, “easy beams” for the first experiments.

Elastic scattering on mid-heavy neutron-rich nuclei to measure charge distributions

Sn 10450 20.8 s | *°Sn 3.72 min 1326n N=8239.7s | 3%Sn 1.05s
=50 10°/s >10° /s (LEBd) 9 x 108 /s (LEBd) 3x10° /s (LEBd)
(PhF) 3-10° /s (PhF) > 107 /s (PhF)
1085 10.3 min
5x10%/s | *'Sn56.0's 13361y 1456 1355 530 ms
Kr 9OKr N=5432.3 s 2Kr 1.84s %Kr 212 ms %Kr N=60 80 ms
=36 6.4 x 10%/s 2.6 x 10%/s 1.2 x 107/s
> 10° /s (PhF) >10° /s (PhF) >10° /s (PhF) ~5-10° /s (PhF)
Se 8Se N=50 3.1 min | %6Se 14.3s 8Se N=54 1.5s
=34 (LEBd) 9.5 x107/s (LEBd) 3.1x107/s

(postAcc 1.2 x 10°) (postAcc 3.9 x 10°)
Table VI.1.A. Characteristics of the medium heavy isotopes for the Day-1 physical cases: halftimes ti/2, expected yields in
part/s and production modes are indicated, LEBd for LEB DESIR (postAcc for post-acceleration yields) and PhF for
photofission.

The investigation of the nuclear densities in the heavy nuclei (neutron-deficient or neutron-rich) via (e,e) and (e,e’)
could also be considered, if these nuclei could be produced with enough intensities (see production modes in V).
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Am Z=95 Bk Z=97 Ra Z=88
Z9Am N=144 119h %8Bk N=151 >9vy 21%Ra N=126 2.44 sec
2-10°/s (S3-LEB) 3.3:10° /s (MINT) | 6.3-10° /s (MINT)

Sm l60$m 1625m 164Sm

7=62 | N=98 9.6sec (?S3-LEB) | N=100 9.6 sec N=102 1.43s

Cs Z=55 Xe Z=54 Te Z=52

18Cs N=63 14 sec 116¥e N=62 59 12Te N= 60 2 min
3-10° /s (S3-LEB) 1.2 x 10°/s 3.4x10°/s

Table VI... Same as previous table, for isotopes produced via S3-LEB or MNT techniques, with potential nuclear studies of
charge densities pch and of alpha cluster states in the neutron-rich isotopes.

Ni Z=28 %8Nj 29 s 7Ni1.57 s

refractive Ni 6.0 s 7Ni 0.68 s
Ar Z=18

$Z=163°S 1.18 sec 4Ar 11.87 min *Ar21.5s

2:10% /s (transfer) >107/s (transfer)

“Ar N=28 8.4s > 10%/s
YAr 1.23s >~5.10°/s
“¥Ar 415 ms ~4. 10*/s

SiZ=14 34sj 36Si N= 22 0.45s

refractive | N=20 2.77s 355i 780 ms

Table VI.1.C. Same as table VI.1A for isotopes of interest between Z=12 to 28 for which the production mode has to be
determined to reach the needed intensities. Their lifetimes are long enough to a priori ensure the feasibility of the
trapping technique.

Kr 74Kr 11.5min  >1.510%/s | ®Kr 14.8h >4.107 /s
Ar “Ar 11.87 min >10%/s | “Ar N=28 8.4 s 2pF par from

“Ar21.5s >8.10°/s >10°/s | (e,e) up to 2.5
Mg Z=12 BMg 11.3 sec fm™* with 1 ~107

2-108
Ne 8Ne 1.7 sec “Ne 17.3 sec Form factors
Z=10 1.7x107/s 1.5x 10%/s | from (ee)
o “070s 107/s | 2202.255 20 3.4s q ~0.5-3 fm*
=8 201355 %024 with | ~10°

Yields to be studied
He Z=2 ®He 806 ms 8He 119 ms
2x10% /s 10° /s
(5x107)

Table VI.1.D. Same as table VI.1A for the isotopes of Day-1 with SPIRAL1 production mode.

V1.3 Physical cases expansion: projected improvements

Improvements will be planned in various experimental axis:

-for (e,e) measurements, enlarging the range of nuclei, in particular to reach the isotopes produced at low
intensity, or with small lifetimes at the limit of the feasibility for the ion trap techniques. Technical solutions
have to be investigated to overcome the most complicated cases.

- for the (e,e) and (e,e’) scattering, improving the detection system to make coincidence measurements to
separate gs and excited contributions in the cases of high density levels (odd nuclei); this will be of particular
interest for the measurement of the magnetic form factors from (e,e) from odd nuclei (see .1 and Appendix A)
To perform (e,e’p) measurement in order the study nucleon correlations, we need to reach the luminosity at
10?%° (for heavy nuclei) up to 10%°3! (for medium-light nuclei). It means that the ion trap techniques should be
improved to handle ion beam size below 100 um size with a specific R&D work, including all the physical effects
which limit the size reduction of the ion beam cloud: ion heating, recirculation.
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V1.4 Tentative budget and timeline for the facility and the experimental areas

Here, we do not include the cost for the RIB production building, which was already estimated in part V.3
around 100 M€ (for investment only, not taking the human resources)

We establish here a rough estimation, taking into account either the realistic numbers of similar facilities,
accelerator machine and detection systems which exists, or the cost estimates done for the future machines
including electron accelerator devices (e.g. ERL at PERLE or synchrotron-type device from the costs of element
known from SOLEIL, cryomodules devices built for SPIRAL2) and experimental areas (estimates of the ELlse
project at FAIR, DERICA at Dubna; spectrometer costs from MAMI, detection set-up, electronics and DAQ, costs
from GANIL, VAMOS,..).This budget remains to be completed by the global estimate of the infrastructure costs
due to the radioprotection safety issues.

We have integrated the whole costs from the machine, infrastructure, experimental areas (with the detection)
and the human resources corresponding to the R&D project phase and to the operation during the exploitation
phase of the machine, for the experiments. The details of the estimates can be found in App. E.

The total amount for the electron-ion collider machine is around 150 M€.

The human resources to be considered over the 12 years development represent at least 40 FTE (accelerator),
12 FTE (ion trap design and measurements), 8 FTE (spectrometer, mechanical integration, detections), 4 FTE
(electronics, DAQ). The human resources for the conceptual and technical design phases as well as for the
commissioning and for the realization starting phase will have to be carefully estimated at the beginning of the
project, including both the engineer works and the crucial work of the technical teams in support of each
operation during the integration phase for the machine. This has to be examined in details in the Technical
Design Report.
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VII. Summary and concluding remarks
VII. 1 Work plan 2021, key —questions (feasibility) to investigate in details

Our objectives are to carry out extensive electron-RIB studies to measure the structure form factors from
electron-ion scattering. For the Day 1 experiments, the structure properties of the medium-heavy nuclei could
be extracted from the measurements done at luminosities from 10* to 10%%, which correspond to the
potentially achievable performances of the future electron-ion collider machine.

As underlined in our March 2020 contribution, part of the crucial questions related to the technical difficulties
are already identified and should be investigated quantitatively in a detailed project undertaken in the next
years.

In summary, from the studies presented in this document:

-We started preliminary works on the ion trap characteristics and on the electron machine parameters, to know
which typical dimensions could be attained. As discussed in Sec.lll.4, this is a necessary input for the discussions
of the electron-ion beam overlap, which rules the luminosity performances. The ion cloud sizes is one of the
main constraints for the design of the electron-ion trap machine.

- We concluded that a minimal electron beam intensity at 200 mA is requested, and that the typical achievable
dimension of the ion cloud is around 0.2 mm. From these figures the goal of the luminosity of 10% could
attained, in principle (cf Ill.4 and App.B).

- We have identified the technical issues of the electron accelerator project and of the ion trap (//1.5);

- We obtained a first layout of the electron machine at 500 MeV, synchrotron or ERL (cf .5 and App.C).

- We discussed the feasible physics cases for radioactive ions with lifetimes above 100 ms (cf VI.2). Depending
on the domain of the nuclear chart, we have identified the appropriate techniques of production (part V)
insuring the requested intensities for the beams of interest.

However, to know if we can reach the 10% luminosity in practice, we still need to solve various issues related
to the ion trap and interaction region conditions. This requires phases of technical studies completed by
benchmark of ion trap efficiency, which is also mandatory for the whole range of luminosities above 10%,

We outline that, despite the fact that a synchrotron-type could be suitable for the electron machine, insuring
to reach the intensity goal, we still need the comparison to the single —turn ERL possibility to compare both
solutions and reach a final conclusion on the sets of optical beam parameters realistic for the future machine.
This means having a dedicated study for the comparison, undertaken by two experts (one on synchrotron, the
other on ERL) during a half-year full time for the project, to be started in 2021.

The main issues are related to the spatial charge distribution and confinement effects of the charge densities
of the RIB and to the ways of reaching optical beam qualities enough to proceed to the collisions in a reduced
vertex area.

We also need to identify potential paths of improvement for the increase up to 10°°3!, To overcome the
limitations for the luminosity, we need to work on the optimization of the ion trap techniques.

Several paths of R&D are identified (see Ill.4) and would require dedicated works during a few years in
collaboration with experts of the field to progress on the technical key questions: on beam instabilities, ion
heating phenomena, ion charge state distribution with electron-ion beam interactions.

The project should examine in particular how to overcome the problems of the spatial charge effects of the
plasma in the ion trapping area.

In parallel, we need to have benchmark phases with an electron beam at high energy (>few 100 MeV) and
enough intensity (> few 10 mA) to test an ion trap prototype, to study the physical phenomena at play, and to
measure the evolution of the number of trapped ions, depending on the beam stability conditions.

For the electron machines R&D studies, the main issues are related to the spatial charge distribution and
confinement effects of the charge densities of the RIB and to the ways of reaching optical beam qualities enough
to proceed to the collisions in a reduced vertex area.

To examine the technical issues of the e-Rl project, it is mandatory to constitute a group of physicists and
engineers experts of these questions, and to define a work plan between the technical divisions of IRFU and
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IN2P3 with an international team of experts interested in the physics of the future project. Starting in 2021, the
time scale would be:

i) one year for a team of two experts pushing forward the studies on the two options for the electron accelerator
machine to define the achievable performances, finally selecting the best option for the physics requirements;
ii) In parallel one year to start the design study of the ion trap techniques and benchmark tests;

iii) 4-5 years for the conceptual design report,

iv) Construction phase to be ready for the e-Rl physics in the years 2035.

If the whole project for the future of GANIL is launched in 2021, the detailed questions and preliminary studies
related to the design of production building (see V.3) including radioprotection safety issues and technical
constraints should be given in a complete project report which could be foreseen for the end of 2021.

For the momentum of the electron machine project we should start the phase of the detailed R&D as soon
as possible in 2021, and constitute a task force of physicists and engineers devoting their time during one year
to explore completely the technical issued and give final answer at the end of 2021.

The characteristics of the machine defined in Section Il will be refined/optimized in the preliminary studies,
which are planned to include some test calculations of the beam optics, with simultaneous considerations on
the IBS constraints, for typical physical cases-a few selected radioactive ion beams. As outputs, more extensively
in the global project phase in 2021, we would like to better quantify the feasibility in terms of luminosity and
to figure out the quality of the possible measurements for the cross section observables.

VII. 2 International competitors and collaborators

The physicists of our community, gathered in the present proposal, are willing to develop physics cases for a
future dedicated electron-RIB machine at GANIL for the years 2030s, exploiting the radioactive ion beams
produced by the existing facility or by the next production scheme of RIBs (the scenario of the RIB productions
is discussed in the other contributions). The assets of the GANIL facility would be the local expertise existing
in ion trap and all the purifying tools available at DESIR, as well as the required cryogenic infrastructures and
the INB framework allowing continuous luminosity upgrades.

All the main questions addressed in the field of exotic nuclei have been treated up to now by the most advanced
accelerators and will be treated in the future with machines which are significantly ahead in the production of
exotic nuclei: nowadays, RIKEN is at the forefront of the production of rare exotic nuclei, and with RIBF which
started in 2007, it is a unique machine to delineate the neutron dripline. In 2019, at RIBF “the boundaries of
nuclear chart have been updated for the first time in 20 years”, with the newly established limit in the Ne
isotopic chain, 3*Ne being the last bound isotope [RIBF34Ne], the previous limit was 2*0. The advances obtained
by the current machines like RIBF is such that in the international context of the 2035s GANIL, as of today, will
not be able to compete in the scientific field of the very neutron-rich exotic nuclei.

With the e-RI project, GANIL would still be in the run for a unique and exciting program: it would open a new
era for nuclear physics with long-awaited structure studies of exotic nuclei by electron scattering gradually
becoming accessible. Starting the project in the early 2020’s would make GANIL a world competitive machine
with unique observables in the scientific context of the years 2035, regardless of the evolution of the RIB
machines around the world. Moreover this would be a very appealing machine project within the international
community, in particular for physicists who proposed e-Rl programs at their own facilities, but who have made
the choice of different techniques. These programs based on ion beam-electron beam collisions were left aside
or postponed due to the complexity to explore in parallel the expansion of their present facilities (GSI/FAIR,
DERICA at Dubna), requiring already important resources.

At RIKEN, the SCRIT technical solutions was the most promising to develop an operational system for RIB but
there are constraints which now require a higher level of R&D to increase the luminosity, and it is clear that
their developments could be complementary to the ones we foresee for our project.

In 2015, the first attempt in France to envision a facility for e-RIB collisions was within the ETIC project proposed
for the GANIL 2025 horizon.
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Now, as presented in this document, the physicists gathered on the e—RIB physics has revisited this project to
check the constraints and to identify the solutions allowing us to get rid of the limitations in terms of luminosity
of the present SCRIT, and also to develop the ion trap able to confine at least 107/s ions.

We contacted physicists at GSI/FAIR, at TUD and at JINR Dubna who would be interested in joining an alternative
European project with a shorter-term time scale, like the one we propose for the years 2030 at GANIL. We plan
to involve them more deeply when the time comes for the detailed conceptual design for the electron
accelerator and the detection devices.

In Japan, the physicists who developed SCRIT at RIKEN are in search of new technical solutions for their physics
program. They would be interested in collaborating to the discussions on the ion trap techniques and the R&D
program to improve the efficiency of trap would benefit from crossed expertise at RIKEN and at GANIL. In the
long-term range if the Japanese physicists develop an upgrade of the SCRIT device, we would envision
complementary studies on isotopic chains done by international collaborations at GANIL and at RIKEN, as done
in the past for the successful studies of the Ca, Ni, stable isotopes, at the Stanford, MIT and at ALS Saclay (Orme).

VII. 3. National and International strategies

GANIL is the ideal place for the project, having a large variety of Rl beams, already or soon available (SPIRAL1,
Desir, S%) or which could be delivered with the various modes of production foreseen in the possible projects
explained by the other groups working on the plans at GANIL: photofission, Multi-nucleon transfer (MNT)
reactions for heavy nuclei. The renewal of this project represents a new strategy for the nuclear physics at the
international level. For the detailed project phase, we plan to gather the experts of the field, and possibly work
hand in hand with them, by forming task force collaborations with the following groups:

- The TU Darmstadt group (0. Boine-Frankenheim) for the Electron beam machine studies and the questions of
the intra-beam scattering phenomena;

- The SCRIT group, T. Suda (RIKEN) and M. Wakasugi (Kyoto Univ.), for the questions related to the trap
confinement of ions in the electron beam;

- Groups working in lon trap techniques at LPC Caen and CENBG, and also at KU Leuven (T.E. Cocolios).

- Groups working on electron spectrometer detection (like the ones working on hadronic physics at MAMI and
at JLab), experts of the detection and spectrometer design for the (e,e’) scattering.

At the national level the e-RI project for GANIL requires an official agreement at the highest level: from the
research ministry, to ensure that the human resources, the R&D budget and the operating costs will be correctly
dimensioned and allowed on a stable (sustainable) basis.

It should be underlined that for the periods of R&D and building of the projected facility both the size of the
groups and the timescale of the project have to be sharply defined with a fixed period of roughly 10 years, to
ensure that the community is gathered and focused on the common project, and that the teams designing the
machine would also be in the first line to exploit the beams and make the starting experiments.

For the future operation, the request is also to extend the perimeter (human resources, regular budget) of the
GANIL facility to include the needs for the Rl production and for the e-RI facility, both for the operations of the
accelerators and for the experimental areas.Taking into account all possible nuclei produced at GANIL, matching
our requirement for luminosity (intensity for ions above 107/s) and purity (> 95 %) it will be possible to scan and
determine the charge density for all these species.

We need to conclude on the various key questions outlined in the present document, in order to check the
feasibility of the machine at the high luminosity (10%).

In itself the project at luminosities 10%7-% is enough to justify the launching of the R&D for the future facility: it
opens a new window on the nuclear structure with a direct access to the proton nuclear densities. Moreover
for a range of heavy nuclei the (e,e) cross sections would be high enough to give access to the magnetic form
factor —that is an access to the neutron form factor.

Physics cases will be enlarged gradually: production when the e-RIB machine rises, Day 1 experiments with the
existing beams at GANIL/SPIRAL1 and 2, then there will be the Day2 experiments at higher luminosities and for
heavy nuclei, following the progress of the new developed beams at GANIL. Such a facility would thus offers to
GANIL bright scientific perspectives for several decades.
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Appendix A. Electron-ion Kinematics and cross sections, detection systems

Elastic (e,e)

In the regime below 200 MeV, it has been possible to extract the main parameters of the charge densities for
a selection of even-even nuclei, see for instance for 2*Mg, 28Si, 32S, “°Ar and 88Sr, at 187 MeV in Ref. [Hel66].
However, to obtain the form factor in an extended range and access to the densities inside the nuclear
interior (below 2-3 fm) the incident energies have to be increased.

For instance, before the experiment done at the Saclay ALS [ALSLec76, ALSNi75] it was not possible to extract
unambiguously the charge densities for >®Ni, due to the lack of high transfer data, above 3 fm™. With the data
set at 500 MeV, with the higher momentum reached at 3.9 fm%, it was possible to obtain the charge densities
at small radii (see figure below). Note that in this experiment, the limitation to g ~3.9 fm? liesin the small
counting rates for the cross sections below 8x 103 cm?” (down to 8. 10! mb/sr). This corresponded to a mean
counting rate of one event every 6 hours for an incident current of 25 pA. At this rate, no background noise
appears above the elastic peak nor between the first excited state and the ground state.
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INELASTIC (e,e’)

Excitation energy spectra from electron elastic and inelastic scattering on “°Ti [PRC82TiSr], for the extraction of
Fr form factor and of the valence nucleon densities. Magnetic electron scattering and valence nucleon radial
wave functions were extracted also for >V, *°Co, ’Sr, 3Nb, ?°°Bi in the same studies, combining results of
experiments done between 175 and 325 MeV (theta between 0 and 155 deg.) and at 500 MeV (angles between
39 and 73 deg).

“The lowest cross section measured in this experiment was 2.17 X 107 cm?/sr, which corresponds to three
counts in the elastic peak without any background.” [PRC82TiSr].

[PRC82TiSr] 1072 SLUNLI L L L L L L O
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3000 49, [ L
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» 2000 0-48.9° t i = - .
o
hd 4 - -4
cC _ 107 = =
3 AE _ 6.4 410" { w E § SAcLav 3
o E ++ - - .
100 i - - DME ]
' # ! 075 = --— DDHF ) -
¢ ¢ ' = ) =
+‘¢ .‘r‘m’ . .’ - —— DDHFB A\ {3
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Excitation energy (MeV) 2.0 2.5 3.0
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Comparison of the spectra
obtained at 150, 201 and 301
- MeV.
§ « At Ee = 301 MeV, the enhanced
%) tail suggests some inelastic
E: 100 5\‘\ processes. In the high-
S, Q/«\Vﬁ momentum transfer region (0.9—
< 10001 & 1.4 fm™), the magnitude of
3 400 - ‘50,,50 "2(.)0 elastic scattering diminishes and
O - i inelastic scattering processes
(such as the giant dipole
"9 50 2(;0 resonance) gain prominence. »
o) e
100 150
Momentum [MeV/c]
Fig 3 [Scrit17] from SCRIT measurements in the years 2015 of
132Xe(e,e’).
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Inelastic (e,e’) at 500 MeV

Electron scattering studies of the ground state rotational band of 1>2Sm [Pha88].

““The data were collected in the HE1 experimental hall at the Saclay electron linac. Scattered electrons were
analysed using the SP900 magnetic spectrometer.... capable of measuring very small cross sections (as low
as 7 103¢ cm? /sr for the *>Sm 6+ state.”.

““the results of high momentum transfer electron scattering experiments in which cross sections for the first
four states (0%, 2, 4%, 6*) of the ground state rotational band of **>Sm were obtained. These measurements
extended the q range of the existing data sufficiently to permit the charge and transition charge densities to
be determined precisely and unambiguously throughout the nuclear volume. “

The transition charge densities for 0%, 2%, 4%, 6" can be directly compared with a triaxial DD HFB calculation.

152Sm 0+ gs 102 .

2+ 182g,

4+ 2 E =500MeV
6+ l 8=40°

3-

momentum resolution

typically AE/E =1 10

incident energies 251 MeV ; 500 MeV
range of scattering angles, O,
corresponding to effective momentum
transfers 0.6 < geff < 2.9 fm™.”

beam current varied from 5 to 15 pA
20 and 52 mg/cm thick targets were
enriched to 98.3% 152Sm
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Appendix B. Simulations of ion trap performances for the luminosities
Maximal ion capacities for the luminosities

Simulations of the ion trap capacities have been performed using the code WARP [WARPweb]. The trap design
is assumed to be a cylindrical box with axial symmetry along the electron beam axis. A set of three electrodes
is defined (see Fig. B.1): two external electrodes assuring confinement in the longitudinal direction and one
electrode in the middle slowing injected ions down to a few eV of longitudinal energy. One of the two external
electrodes can be switched on and off allowing the injection of the ion beam into the trapping region.

ions 20 keV electrodes 20 keV
132G 1+ -
X E=10keV | I 9.98 keV
20 80 20
___________________________________________________ 20
electron beam 200
I1=200 mA

Typical discretisation steps: 0.01 mm (x-direction) & 1 mm (z-direction)
z
dimensions in [mm)]
Figure B.1. Typical setup of an ion trapping simulation with WARP. The colored areas denote the electrode fields. The

potential of the leftmost electrode is initially at zero and then increased to its nominal value after all ions have reached
the trapping area.

The type of ion beam, charge state, initial velocity, beam size, bunching etc. are parameters of the calculations.
The electron beam is modelled with analytical expressions, under the assumptions of a Gaussian and continuous
beam. Given that the ions should not be sensitive to high frequency variations of the electric field, this analytical
model should be sufficiently accurate in the present case. Simulations are performed over typical times of 0.5-
1 ms. At around 0.2-0.3 ms the ion cloud settles in some equilibrium configuration (in terms of number of ions
and their spatial distribution). At each time step, the full 3D distribution can be printed out. Typical integrated
information on the ion cloud (at a given time step) include i) the total number of ions in the simulation box, ii)
the number of ions in the overlap region and iii) the rms radius of the ion distribution. For a given number of
injected ions, the final number of trapped ions depends on the injection radius, the size and intensity of the
electron beam. Several parameters were tested.

Below we illustrate some typical results, focusing on three points: the maximum number of trapped ions
(saturation phenomenon), the overlap between the electron beam and the ion cloud and the effect of higher
charge states. All the simulations shown here were carried out for a trap length of 10 cm and with 32Sn ions.
(Other isotopes were tested and gave qualitatively similar results.) In Fig. B.2 the number of trapped
overlapping ions and the rms size of the corresponding ion cloud are shown as a function of time for different
values of injected ions. One observes a saturation of the number of ions that can be trapped at around 3 108
ions. This is close to the maximal theoretical value deduced assuming full charge compensation between ions
and electrons (4 108).
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In Fig. B.3 the evolution of the number of trapped ions is studied varying the rms size of the initial ion beam. As
expected, more and more ions are lost as their initial size increases and departs from the size of the electron
beam. Nevertheless, some reasonable fraction of the initial ions ends up being captured in the section of the
electron beam. In the right panel one sees how the rms size of the ion cloud eventually evolves towards the
radius of the electron beam. From these results we conclude that, even starting with unfavourable initial
conditions (ion size 10 times larger than electron size) a good fraction of ions can be trapped and overlap with
the electrons.

9 [ 13290 charge /// state 1*/// 6 = 0.5 mm ] 1328n charge /// state 1*/// 6 = 0.5 mm 1
1.2x10° F Ny ] S5k Nij ]
9: — le6 1 I — le6 ]
107 | — le7 ] [ — le7
5 1e8 E
%‘* 8X108 - 3.1e8 ] E
z  6x10% | of
4x108
2x108 ] : ]
O 1 1 1 1 : O : L . : L
0 50 100 150 200 0 >0 100 150 200

t [us] t [ps]

Figure B.2. (Left) Number of ions overlapping with the electron beam as a function of time, for different numbers of injected
ions. (Right) Rms radius of the ion cloud as a function of time, for different numbers of injected ions. The grey area
represents the region of the electron beam. Simulations were carried out for 132Sn'* jons and electron and ion beams having
a rms radius of 0.5 mm.

1 _ 13280 /11 charge state 1*/// N, 107 — 1pF 1328n /1/ charge state 1%/// Ninj 107 .
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= i —
2 [ =
~ 06 B E
i k-
8 [
z> 04 —
0.2 — —e~ Total _ 02 M 3
—©- Overlap 1 L ]
1 1 1 1 1 1 1 1 1 L] 0 L 1 1 1 L]
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Figure B.3. (Left) Total number of ions and number of ions overlapping with the electron beam as a function of the initial
size of the ion beam. (Right) Corresponding rms radius of the ion cloud.
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Figure B.4. (Left) Number of ions overlapping with the electron beam as a function of the ion charge state. (Right) Rms
radius of the ion cloud for different charge states.
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Finally, the effect of ion charge states higher than 1+ was examined. In Fig. B.4 the evolution of the number of
trapped ions as a function of their charge state is studied. We conclude that, up to 102 injected ions, no
degradation of the trapping properties is observed, with about 2 107 10+ ions at equilibrium (cf. 4 10’ maximal
theoretical limit). Further, by looking at the radial distribution one observes how higher charge states tend to
concentrate closer to the electron beam, as expected, especially when the ions initially have a larger radial size.
Notice that in the preliminary simulations performed so far, the charge state is not evolved with time but
determined at the injection. Therefore, the number of trapped ions can be viewed a conservative estimate
(given that a large number of them evaporates during the simulated injection).

In conclusion, no showstopper has been identified from the present simulations. In all the considered trap
conditions, the number of ions overlapping with the electron beam is close (at most a factor 2) to the theoretical
limit inferred from full charge compensation. This is encouraging and supports the luminosity estimates of Table
1.4.

In the future, more refined simulations are required with several possible paths for improvement:

- the injection process can be better modelled (ion bunches, different injection times, sizes, position, energy
spread...);

- a more realistic electric field could be envisaged for the electron beam (checking also the possible differences
of this field in the case of the synchrotron or ERL solutions);

- the effect of ion heating (due to electron collisions) should be included;

- the limitations of the radial trapping have to be well understood taking into account ion-ion Coulomb
interactions, and ionisation to different charge states (the latter should be introduced dynamically in the course
of the simulation).
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Appendix C. Possible design of the electron synchrotron

The choice of the parameters for the potential solutions of the electron-ion collider machine was discussed in
section lll. Here we present a possible design of the electron synchrotron corresponding to the parameters sets
presented in Table IlI.5.

The layout is made of 6 sections, each one with: Layout
- A straight section of 5 m -
- 2 matching sections

- 2 dispersion suppressors
- 4 cells with a dipole with gradient and 2 =101
qguadrupoles.

T -15
MAGNETS N 04
Type Number | Length [m] Max Field .
Dipole 1 12 0.29 1T, -9.26T/m
Dipole 2 24 0.29 1T, -10.5T/m =30
Quadrupole 1 48 0.2 457T/m P e - : " =
Quadrupole 2 60 0.12 179T/m X [ml
Sextupole 90 0.15 1244 Tm™1

The equilibrium emittance and damping time (synchrotron radiation) only depend on the ring optics.

The bunch length o, is deduced from o and from the RF voltage.

The Touschek lifetime (momentum transfer in the longitudinal plane, losses because of large Coulomb collision
angles) Tl is a non-linear and complex function.

It is inversely proportional to the beam current.

It increases with the RF acceptance, beam energy, and beam sizes.

The RF acceptance increases with the RF voltage (depends on the optics).

The IBS is also a non-linear function.

The lifetime (should be large) decreases with the beam current.

It increases with energy, emittance, bunch length, energy spread.

(On the curves below, the point are for the values corresponding to the electron beam energy of 500 MeV).

Dependence with beam energy

The optimum beam quality is at 700 MeV.
_ The lifetime is also minimum (smaller beam size)
o 175 but is still manageable.
® 15.0
o
5
2 125
g 2.0 A
S 10.0
E 7.5 E”‘
E PEE T 05 (1BS) ¢
® 504 -7 o o--"T — 0 £ |
5 ey i 0. (IBS) E 10
S 2.5 -== 05 (no IBS) 3
§ === 0z (no IBS) 0.5
0.0 T T T T T T T
400 500 600 700 800 900 1000
Beam energy [MeV] 0.0 -— T v v v : .
400 500 600 700 800 900 1000
Beam energy [MeV]
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Dependence with beam current

2.5

& (IBS)
— &, (IBS)
2.0 1

1.5

Transverse RMS emittance [nm]

The beam emittance significantly increases
with beam current. Beam lifetime
dramatically decreases also.

Reaching 500 mA has a cost on beam quality.

1.0 1 =
£
0.5 £
€ 24
8
0.0 T T . : . 1]
0 100 200 300 400 500
Beam current [mA]
s o 200 30 40 50
Beam current [mA]
Dependence with coupling factor
With no coupling, IBS is a big issue.
We need to couple both planes. It can be done by
3.0 4 different ways:
Ex ::g:; - Strong coupling with a dedicated section.
= — & ..
£ 251 eeon:x, o 18] -Exciting the resonance vy - vy
g --- & (no IBS) (enables to use weak skew quadrupoles).
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Beam sizes with IBS 0.14 1 — 0ox
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The IBS is indeed an issue but at 500 MeV and a beam current of 200 mA, we can achieve the target values:
Size at the IP oxy< 0.1 mm ; energy dispersion (oE)/E < 10 and beam Touschek lifetime T, > 30 min.

There is still room for optimization and possible improvements are identified on optics, RF voltage, etc...
We have to check the magnets characteristics, they should be feasible (depends on the inner aperture,
determined by injection). The lengths and optics can be optimized.

A smaller momentum compaction could enlarge the RF acceptance and thus the beam lifetime.

Several studies are needed to make evaluations of:

- the dynamic aperture (transverse stability region), it can be a limitation for injection.

- the energy acceptance (and off-momentum dynamic aperture); an energy acceptance of over 2% should be
reached (to keep a large beam lifetime).

- on the skew quadrupoles to introduce the coupling.
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Appendix D. RIB production modes.
D.1 Target-ion source and A/Q=7 LINAG beams for heavy (trans-lead and actinide) nuclei

Contribution from C. Theisen, CEA DPhN.

We discuss here the opportunities for producing trans-lead and actinide nuclei using an upgraded SPIRAL
facility. The ions of interest would be produced using fusion-evaporation or (multi-nucleon)-transfer reactions.
While the possibility of using S® as a production and separation facility has extensively been discussed, it
presents severe limitations for MNT and inverse kinematics reactions in terms of transmission and rejection.
Having for objective the highest possible production and thus the highest beam intensities, S* also presents
limitations in terms of target, notably thickness. It would be therefore advantageous to benefit from a new
target ion-source devoted to fusion-evaporation and MNT reactions, installed in a dedicated yellow cave. It
would be dedicated to the study of nuclei with long (2100ms) lifetime and high to moderate production cross-
section (2100ub). Devices suitable for MNT reactions have been already proposed as N=126 factories by the
Argonne National Laboratory [G. Savard et al., NIMB 463 (2020) 258] and KEK [Y. Hirayama et al., NIMB 412
(2017) 11][KISS Web page]. These devices are typically a gas catcher followed by a mass separation (magnet,
MR-TOF). Adaptations, or even a new concept, are needed for fusion-evaporation reactions.

In a broad approach, we consider the objective of studying actinides in a multifaceted fashion as discussed at
the SPIRAL2 2025 think tank: ground state properties (mass measurement, laser spectroscopy), Coulex /
inelastic scattering (spectroscopy, quadrupole moment measurements, spectroscopy of the second/third well),
transfer reactions (detailed spectroscopy, spectroscopic factors, fission barrier measurement, fission dynamics,
spectroscopy of the second well), or more simply spectroscopy after implantation. The minimum intensities
needed for these studies are about 10% pps (Coulex), 103-10* pps (detailed spectroscopy using transfer
reactions), 10 pps (fission probabilities) and 10° pps (fission fragment distribution characteristics).

The opportunities of performing electron-ion scattering experiments is presently discussed within the “Spiro
committee” for the future of Ganil. lon-electron scattering studies require typically 107 ions trapped and thus
production rates at the 10® pps level assuming a gas cell extraction efficiency of ~ 10%. These production figures
can be lower in case of long (> 1s) half-lives.

The examples provided in the following are intended to discuss the feasibility as well as to give constraints on
beams and targets. For the sake of simplicity, we have not considered here the beam slowing down in the target,
and thus the variation in production rate as a function of the target depth. However, the target thickness is
adjusted approximately to allow the ions to escape. Radioprotection issues are also not considered.

It is important to note that the beam intensities provided are for guidance only and will need to be adjusted
according to the injector performance.

Fusion-evaporation reactions using heavy ions

Let us consider as a first example the direct kinematics reaction 2°°Pb(*?C,4n)*'*Ra, Epeam = 70 MeV, 6 ~ 400 mb.
The target has to be not too thick because of the low recoil velocity, i.e. <1 mg/cm?.

Assuming 50 ppA beam (3.5 kW, A/Q=7 injector not needed in this specific case), the 2**Ra production rate will
be about 3.6 108 pps. A specific high-power target would be required to sustain such high intensities (e.g. PbS,
or liquid/gas targets)

This reaction would highly benefit from inverse kinematics although the beam intensity will be lower:
12C(205ph,4n)?*Ra, Epeam ~1.2 GeV. First the C target will better withstand the intense beam. Second, a thicker
target of 10 mg/cm? can be used because of a larger recoiling nuclei velocity and lower stopping power.
Assuming a Pb beam intensity of 5 puA (6 kW), the production rate should be at the order of 6.3 10° pps.

Other examples of inverse kinematics reactions are the following:
*  Be(*®Pb,4n)*3Rn o ~ 450 mb [M. Dasgupta et al., PRC 81 (2010) 024608]
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*  9Be(*°Bi,4n)**Fr 6 ~ 400 mb [M. Dasgupta et al., PRC 81 (2010) 024608]
e 12C(208py 4n)216Ra, ~ 400 mb [K. Kalita et al., JPG 38 (2011) 95104]

Other examples using direct kinematics:

o 208pp(180,4n)%22Th, Epeam = 95 MeV, 6 ~ 5 mb [W. Bonin et al., ZPA 322 (1985) 59], target thickness 1
mg/cm?, lpeam = 50 puA (4.75 kW). 222Th production ~ 9 10° pps. This case is at the limit since the half-
life is only 2.8 ms.

o 17Au(*Ne,5n)**Ac, Epeam = 114.5 MeV, 0 ~6.5 mb [A.V. Yeremin et al., NIM A 350 (1994) 608], target
thickness 2 mg/cm?, lpeam = 20 ppA (2.3 kW). 2%Ac production ~ 5 106 pps. Still at the limit but half-life
of 8.2 s allows a longer accumulation time.

In general, the production is higher using inverse kinematics, and benefits greatly from the intense heavy
beams delivered by the A/Q=7 injector. Using direct kinematics, production rates = 108 pps correspond to
cross sections = 200 mb while in inverse kinematics the cross section can be ~50 times lower to reach similar
production rates.

Proton induced fusion-evaporation reactions

Protons will be available at LINAG up to 33 MeV with potentially very high beam intensity. There is an abundant
literature on fusion-evaporation cross-sections using proton beams, some of which being of interest for the
production of radioisotopes for medicine (see e.g. among many examples [Morgenstern et al., Appl. Radiat.
Isot. 66 (2008) 1275]). Theses cross sections can be retrieved using the EXFOR database [https://www-
nds.iaea.org/exfor/, N. Otuka et al., NDS 120 (2014)272].

Reactions using a 33 MeV proton beam may not be the adapted to the production of the most exotic actinides.
However, the cross sections for few neutrons evaporation channels already offer large opportunities. It should
be noted that a program on actinides studies based on p-induced reactions is being pursued a the University of
Jyvaskyla using the IGISOL facility (therefore a gas-cell). The feasibility of such studies is therefore proven.
Obviously these reactions would not benefit from the A/Q = 7 injector.

Two examples are provided for illustration purpose.
232Th(p,3n)?*°Pa, E, = 20 MeV, 6 ~ 200 mb (see
*  Figure 1-left), target thickness = 2 mg/cm?, lpeam= 10 HA (0.2 kW). 2°Pa production ~ 6.5 107 pps (half-
life 17.4 d).
238(p,3n)?**Np, E, = 20 MeV, 6 ~ 80 mb (see
*  Figure 1-right), target thickness = 2 mg/cm?, lpeam= 10 pA (0.2 kW). 2®Np production ~ 2.5 107 pps (half-

life 0.153 My).
90-Th-232(P,3N),SIG 92-U-238(P,3N)93-NP-236
EXFOR Request: 6865/1, 2020-Nov-19 09:13:11
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Figure 1. Fusion-evaporation reaction cross sections for the reactions %*Th(p,3n)**°Pa (left) and ?33U(p,3n)?**Np
(right) extracted from the EXFOR database.
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MNT reactions

There is a fairly extensive literature on actinide production using multinucleon transfer reactions: see e.g.
[Magda and Leyba, Int. J. Mod. Phys. E 01 (1992)221][Kratz, Loveland and Moody, NPA 944 (2015) 117]. It is not
the purpose of the present document to discuss the details of the reaction mechanism as a function of the beam
specie and energy. As a rule of thumb however, the heaviest target should be used to produce the heaviest
actinide nuclei. For the production of SHE, the heaviest beam should be used as well, but this turns out to be
less sensitive for isotopes near the target (i.e. not too many transferred nucleons). As an example, Bk isotopes
can be produced with few mb cross-sections using a 2*3Cm target and either a 0, 8%Kr, 3¢Xe [Moody et al. PRC
33 (1986) 1315], 3'P [Leyba et at al., PRC 46 (1992) 1364], *°*¥Ca [Hoffman et al., PRC 31 (1985) 1763] or 38U
[Schadel et al. PRL 48 (1982) 852] beam: see Figure 2.

Let us consider for example a “°Ca beam, which is a good compromise between the power dissipated in the
target and the residue velocity (and thus the target thickness).

Ebeam = 240 MeV, lpeam = 20 puA (4.8 kW), target thickness 2 mg/cm?, o(**®Bk) =
Note that the 2*8Bk half-life is larger than 9 y.

As shown in Figure 2, nuclei heavier than Bk can be produced with production rates larger than 10* pps for other
applications listed in the introduction (e.g. 6 10* pps *°Es).

5,4 mb > 1(>*8Bk) = 3.3 10° pps.
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Figure 2. (Left) *>*8Ca+**Cm reaction [Hoffman et al., PRC 31 (1985) 1763].
(Right) 28U+*8Cm@7.4-7.5 MeV/u reaction [Schddel et al. PRL 48 (1982) 852].
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For the production of lighter actinide nuclei, the 222U+2%U reaction is well adapted see e.g. [M. Schidel et al.
PRL 41 (1978) 469]. As shown in Figure 3, a large variety of Pu, Am and Cm isotopes can be produced with cross-
section at the trans-pb level. The advantage of the 28U beam compared to ***Xe is also obvious.

Consider lpeam= 2.5 pHA (4.4 kW), Epeam = 1.76 GeV, target thickness = 10 mg/cm?, the production rate is ~ 4 10°
pps for a 1 mb cross section.

Productions rates at the 108 level is challenging. However, the panel of isotopes available with production rates
above ~10%is larger: Cm, Am and Pu isotopes.
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Figure 3. Actinide production using the 28U+?3U and 13°Xe+?%3U reactions [M. Schédel et al. PRL 41 (1978) 469].

Few nucleon transfer reactions are not discussed in the present document, but are also valuable tools for
producing exotic actinides with relatively high cross-section of several mb. Like in the case of fusion-evaporation
reactions, advantage can be taken from inverse kinematics for a larger production (thicker target, higher
transfer products velocity). An example, among many other, is the reaction >C(**8U, 2*°Pu)Be (0 = 2.8 mb
[Rodriguez-Tajes et al. PRC 89 (2014) 024614]).

To summarize, several trans-lead and actinide nuclei can be produced at the 108 level or higher using fusion-
evaporation, MNT or few nucleon transfer reactions. Using heavy beams (Kr, Xe, Pb, Bi, U) is mandatory to
reach these rates. The use of proton-induced few neutrons fusion-evaporation reactions on actinide targets
provide production rates up to ~10% pps. In a broader approach, a very large number of trans-lead and
actinide isotopes up to Fm! can be produced with production rates higher than 10* pps for a wide range of
physics case.

L using e.g. a 8Kr beam [Moody et al. PRC 33 (1986) 1315].
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D.2 Multi-nucleon transfer reactions

Contribution from I. Stefan, 1JCLab.

Production potential of light and medium neutron rich nuclei by deep inelastic reactions with Linag

The production potential presented here is extrapolated using the experimental results presented in reference
[1] and [2]. In reference [1] are presented the measured double differential cross-sections for the beam-like
fragments obtained from a 10 MeV/A 48Ca beam impinging on a 0.17 mg/cm2 238U target. The measurement
was performed at Ganil using Vamos spectrometer and covered all the phase space in angle and energy except
the most forward angles for the beam-like fragments. In reference [2] are published the measured double
differential cross-sections at 0° for the beam-like fragments obtained from a 8.5 MeV/A 180 beam impinging
on a 1 mg/cm2 238U target. The measurement was performed at Ganil using Lise 0° spectrometer. Two
theoretical calculations are presented for all other angles.
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Figure 1. Estimated counts/s for different neutron-rich Ca isotopes (in black), obtained from using a 10 puA “Ca
beam impinging on a 1 mg/cm? 238U target. Estimation obtained using ref [1] and [2]. The green and red dash-
dotted lines show the 107 counts/s and 10° counts/s limits respectively.
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Figure 2. Same as in Fig.1 for different neutron rich Ar isotopes (in black).
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Mass distribution for £=14 with KE batween 50 and 550 and & betwean 0 and 60
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Figure 3. Same as in Fig.1 for different neutron-rich Si isotopes (in black).
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Figure 4. Same as in Fig.1 for different neutron-rich Mg isotopes (in black).

Assuming a 10 puA of *Ca beam delivered by the LINAG and a 1 mg/cm? thick 238U target the total production/s
of some neutron reach nuclei is estimated in the figures 1 to 4.

The same pattern is expected for a different incident beam. | such a case the A and Z shown in the figures is
expected to shift by the same difference in A and Z between the beam and the “Ca taken as example.

[1] C. Portail phd thesis 2017 https://hal.archives-ouvertes.fr/tel-01630850
[2] I. Stefan et al Phys. Lett. B 779, 456 (2018) https.//doi.orq/10.1016/j.physletb.2018.02.037
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D.3 Discussions on the fission production techniques

Contribution from P. Delahaye with M. Fadil, GANIL

Release characteristics of the SPIRAL2 phase 2 target compared to standard compact UCx targets

The SPIRAL2 phase 2 nominal target was designed to attain a number of fissions/s of the order of 3-10* using
a high density target of a relatively large volume, compared to standard ISOLDE CERN or ALTO targets. Its
characteristics are compiled and compared to the SPES target in the following table.

Target Target Target Disks Number | Total target | Rough estimate
design density weight dimensions of disks surface S number of
(g/cm3) (g) Diam. X N4 (cm?) contacts
thick. (mm) (S¢/10mm?)
SPIRAL2 10.7 2300 15x1 19x70= 9300 93000
phase 2 1330
SPES 2.5 30 40x 1.3 7 88 880

Table 1. Characteristics of the SPIRAL2 phase 2 target [spUcx] as compared to SPES [spes08]. Each target is composed of
a stack of disks of different dimensions, whose overall surface differs by 2 orders or magnitude. A rough estimate of the
average number of contacts required for effusion is obtained from the ratio of the latter surface to an open area fixed to a
typical value of 10 mmZ.

The overall efficiency of an ISOL target ion source system relies on three main types of processes: diffusion of
the radioactive atoms from the target material, effusion (transport by successive contacts on materials to the
ion source) and ionization. The target material and geometry will affect the two first processes, whose efficiency
product is usually referred as release efficiency.

Diffusion efficiency.

The release from high density UCx synthetized in Gatchina (reference material for phase 2) and other newly
synthesized targets with different compositions were compared to commonly used target materials from
ISOLDE/CERN and ALTO in the frame of ENSAR/Actilab [spnu5,spnu6]. It resulted from on-line measurements
at PARNNE and ISOLDE that the high density material has inherently modest diffusion efficiencies compared to
the classical target materials, but also compared to the other newly designed target pellets. At ISOLDE, the
secondary beam intensities measured with the high density material were mostly lower for the shorter lived
products, and only equivalent to the standard ISOLDE target material for the produced isotopes with longer half
lives, despite 4x more fissions in the target [spnu6]. This argument alone already weakens the case of SPIRAL2
phase 2, for which targets with 3-10® fissions/s may result in essentially the same secondary beam intensities
as in ISOLDE or SPES with a 3 times less fissions in the target.

Effusion efficiency.

The effusion efficiency is determined by the number of contacts required for the radioactive atoms to be
transported from the target to the ion source. Each contact results in a sticking time (adsorption of the atom
onto the surface) which delays the transport of the radioactive atom to the ion source. Effusion losses occur by
radioactive decay when the transport time becomes non negligible with respect to the radioactive half-lives.
The number of contacts can be roughly determined from a ratio of open surfaces (through which the atoms will
escape and reach the ion source), to closed surfaces (sum of target disks and container surfaces). Owing to the
much more complicated path in the case of the SPIRAL2 phase 2 target, the average number of contacts will be
significantly higher than in the case of a simple target such as the one of SPES. Table 1 gives orders of magnitude
for this number considering:

- an open surface of 10 mm?, corresponding to typical dimensions of transfer tube orifices connecting the

target to the ion source, and,
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- aclosed surface mainly determined by the target disks dimensions.

In the case of the SPIRAL2 phase 2 target, a number of contacts roughly 100 times more important than in the

SPES target is expected. The impact of this significantly enlarged number of contacts in case of the SPIRAL2

phase 2 target requires a case-by-case study, as the sticking times significantly vary from element to element.

Sticking times can be estimated from adsorption enthalpies that can be found in the literature (see [5a]).

Figs. 1 and 2 show qualitatively the difference in terms of secondary beam intensity one would expect between,

on one hand the SPIRAL2 phase 2 target (930000 contacts, 3-10% fissions/s), and on the other hand an optimized

target geometry for photo-fission, resembling the one of SPES (1000 contacts, 1-10® fissions/s), for two
examples of isotopic chains, Ge and Sn respectively. The 1+ beam intensities were calculated using a similar
procedure as described in ref. [5a]. The orders of magnitudes are correct provided that:

- theestimate of number of contacts given in Tab. 1 is not too crude. A rigorous determination of the number
of contacts would require the use of an ad-hoc Monte Carlo simulation with a detailed target ion source
design.

- the A,Z distribution is equivalent for both reaction mechanisms. An A,Z distribution as expected from
neutron induced fission was used for both cases. As shown in annex [3 the A,Z distribution may differ for
the most exotic isotopes (from PHITS this difference seems to be favorable to photo-fission).

- The diffusion and effusion coefficients found from literature as well as typical ionization efficiencies are
correct. For both cases an equivalent diffusion coefficient was used, despite the observation done in [spnu6]
of a more modest diffusion efficiency from the high density UCx material. This material served as reference
for the design of the SPIRAL 2 phase 2 target. In this respect, the red curves correspond a priori to an
optimistic estimate for this target.

It is remarkable that Ge is particularly sensitive to effusion, according to the coefficients found in literature.
Example of other elements found to be particularly sensitive to effusion are Cu As, Y, Ag, Cd, In, La. Considering
as in [5a] a typical flight time of 10 us between each contact, effusion becomes a limiting process for all elements
irrespective of their chemical properties for half-lives approaching 1 s in the case of the SPIRAL2 phase 2 target,
and 10 ms in case of the SPES target. This is exemplified by Fig. 2 for which the 1**Sn yields become more
advantageous for the SPES target than from the SPIRAL2 phase 2 target. For the long-lived isotopes, the yields
are potentially higher in the case of SPIRAL2 phase 2 target by a factor of 3, provided that this advantage is not
hampered by a modest diffusion from the high density UCx material [spnu6].

Ge secondary 1+ intensitie (pps)
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Figure 1. Secondary beam intensities estimated for the Ge isotopic chain with different number of contacts and fissions/s,
using A,Z distribution as calculated for neutron-induced fission, and diffusion and effusion coefficients from literature. See
text for more details.
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Sn secondary 1+ intensities
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Figure 2. Secondary beam intensities estimated for the Ge isotopic chains with different number of contacts
and fissions/s, using A,Z distribution as calculated for neutron-induced fission, and diffusion and effusion
coefficients from literature. See text for more details.

Conclusion.
The original design of the SPIRAL2 phase 2 target is quite cumbersome when compared to other simpler and

more compact designs if one considers the objectives of in terms of intensities defined for the electromagnetic

probe:
It strongly penalizes the production of many short-lived isotopes with half-lives approaching 1s, and above

for certain elements for which effusion is the limiting process,

It does not bring any significant advantage for longer lived beams which are produced in all cases at
intensities, which are way beyond the space charge capacities the ion trap (>>108 /s)

In contrast, the use of optimized target designs for photo-fission or light-particle fission at a reasonable level
(5-10*2 - 10*2 fissions/s) seems to yield a good compromise for long and short-lived isotopes production, as

developed in this document.
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D.4 Photofission production
Simulation of photofission with a 40 MeV electron beam in a low density UCx target,
with/without converter
Contribution from M. Fadil with P. Delahaye, GANIL

Input data :

-Electron beam at 40 MeV) ; 10 kW

- Target of UC4 material at low density 3.5 g.cm; total mass of 277 g;

- Shape : 7 series of pellets piled-up on a 7 cm-length (hexagonal distribution);

- Pellets: r = 0.75 cm, thickness: 1 mm, distance between 2 of them = 0.3 mm;

- UCx density in the spill= 3.5 g.cm3; apparent density in each serie: 3.2 g.cm?, in all target: 2. 5 g.cm™
- Converter: tungsten (W); thickness: 5 mm; distance converter-target : 5 mm

Fission rates

The simulations are performed with the physics models of the PHITS code, for a direct beam of 2.0 10*2
fissions/s ; with converter: 1.6 10*? fissions/s.

The comparison with the previous SPIRAL2 project (electron option) [SP2eOpt] is done below.

(Ee- = 45 MeV, distance between converter and target = 4 mm). Note that there are no detailed information
on the UCx target in the previous report (mass ? density? shape ?).

Direct beam: 10% fissions/s for Pe-= 22,5 kW; With converter: 103fissions/s for Pe- = 225 kW.

[SP2eOpt] Preliminary Design Study (PDS) of the project SPIRAL Il (electron option) GANIL/SPI2/007-A.

Normalisation at 1 kW incident beam

This works SPIRAL2-electron option
(40 MeV) (45 MeV)

Direct beam 2.010% 4.4 101

With converter 16104 8.9 10%
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Fission yields - With converter (nuclei/10 kW)
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Production rates of a few selected fission products, Kr (Z = 36), Sn (Z = 50) and Xe (Z = 54) isotopes

Distrubtion isotopique du Kr dans la cible UCx
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Comparison Photofission / SPIRAL2-Phase2-Day1

Distrubtion isotopique du Kr dans la cible UCx
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Appendix E. Tentative budget and manpower requests, timelines

Based on the similar machine project (electron accelerators, spectrometers) and taking into account the
development for the ion trap and for the beam production building, we establish the following preliminary
schematic project schedule (CDR: conceptual design report):

vi [vy2 [y3 |va |ys [ve vz |vy8 |[y9 |[vio0 Y11 Y12
e-RI | CDR | CDR | CDR | CDR | lon Electron Machine building | Integration | Electron | Electron-
trap | Spectrometers Trap-RI- beam ion tests
test Detection electrons tests
RIB > 107 /s Rl from SPIRAL1, SP2 DESIR, S3 | > 10°/s Rl from new production schemes photofission, MNT...

Estimate of the total cost of the project for the electron-ion machine
Here we do not include the cost of the RIB production building, it is discussed in V.3.

We detail the required resources over 12 years, with a 1%t phase (4 years), 2" phase (8 years).

We give the number of full Time equivalent (FTE) for the manpower and we precise also the domain of
expertise and the time required for the given task (“half time means half time period for a given expert over
the years indicated in the column).

e-RIB Day1 with existing RIB
Cost +/-10%

Resources: R&D,
manpower
Expertise/Design
report

4 years

Resources:
Technical report &
realization,
commissioning
manpower
Expertise 8 years

OPERATION PERIOD
Resources and manpower
for the running conditions

Electron accelerator

Design Report:

8 experts (RF,

+ 2 beam

E ~500 MeV ~100 M€$ 2 experts, vacuum, beam operators/technicians of
Including the experimental area full time dynamics, the machine
building for the exp (spectrometers, | 8FTE mechanics...) + 1 beam optics engineer
detection) half time > 32 FTE
lon trap techniques 2 experts Test experiments 2 lon source/ion trap
Beam injection half time varying the ion expert

X10? M€ species

between 30 and 40 M€ 3 experts, 1/3 time

4 FTE > 8 FTE

2 spectrometers*
Focal plane detectors

2 (spectrometer
expert with 1 CAO

2 (spectrometer +
CAO engineer)

2 (1 technician/1
engineer) of the area

Mechanics engineer) half time; 1/4 time; >4 FTE
8 M€ 4 FTE
Particle detection 2 (1 DAQ/electronics | 1 1/4 time; 1
Electronics and DAQ engineer; 1 Control >2 FTE
2 M€ Command) % time;
2FTE
TOTAL ~ 64 FTE (4+8 years) 18 FTE > 46 FTE Running operations:
Budget ~ 150 M€ (without the See estimate from other
support teams, to electron facilities
be defined) Eg MAMI, Jlab

$ As a reference for the cost of the various elements for an electron machine, considering for instance the cost estimates
for PERLE at Orsay the beam lines, equipment for accelerator are of the order of 25 M€ (this amount does not include the
Human Resources, infrastructures and experimental areas) taking account 5 M€ for the magnets, 4-5 M€ for the
cryomodules, 5 M€ for the injector, 10 M€ for the cryogenics power supply

Taking into account the standard order of cost for the infrastructures, we have ~40-50 M€ for the building areas.
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HWe can consider the order of the budget for the MAMI (hall A) spectrometers, about 2-3 ME€. For two spectrometers (6-7
ME, with the mechanics for rotation and coincidence measurements) and the focal plane detection (<1 M€) we are
around 8 ME.

The total amount for the electron-ion collider machine is around 150 M€.

The human resources to be considered over the 12 years development represent 40 FTE (accelerator), 12
FTE (ion trap design and measurements), 8 FTE (spectrometer, mechanical integration, detections), 4 FTE
(electronics, DAQ).

Note that we would need technical teams in support of each operation in the integration phase of the
equipments for the machine. This should be examined in the detailed Technical Design Report.

As a reference, one can consider the overall cost of the upgrade of the European Source RF ESRF around
including the 6 GeV machine, the building and the various elements (magnets, ondulators, etc...).

Amongst the possible references, looking for instance at an APD in 2019 for an electron synchrotron of a few
GeV in South East Europa (SEEIIST project [SEEIIST] ): “The average investment cost for the machine, using

the experience from previous projects ALBA, SOLEIL, DIAMOND and MAX IV is roughly 0.25 M€ per meter.”
“For the design, following up the contracts, installation and commissioning roughly 40 people are needed (6
specialist from other SRL (100 k€/year), 15 engineers (50 k€/year) and 20 technicians (30 k€/year).”

For our case with a circumference of about 100 m, we get a cost of 25 M€ for the machine.

Note that here we only give overall numbers for the cost of the machine (reasonable estimation within 10%
error) and the global expected number of FTE. For the FTE, there could be aleas due to specific problems, to
be identified in the CDR, and solved during the TDR phase.

Therefore, we should wait for the CDR phase to obtain a reliable estimate of the human resources for the
whole period of the project.

The cost for an upgrade of our machine for the luminosity 103%3! has also to be estimated. This can be done
once the detailed study can indicate if the gain in luminosity can be reached directly from the electron part of
from the optimization of the ion trap efficiency.

[SEEIIST] Web site of the SEEIST project: http.//seeiist.eu ; document mentioning the cost estimates:
http://seeiist.eu/wp-content/uploads/2018/05/Basic-concepts-for-a-SOUTH-EAST-EUROPE-INTERNATIONAL-INSTITUTE-
FOR-SUSTAINABLE-TECHNOLOGIES. pdf
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Appendix F. ERL scientific, medical and industrial applications

We first indicate potential applications. In the second part we develop the medical applications of very high
energy electron (VHEE) beams.

I. List of potential applications.

An ERL device is the appropriate instrument to produce intense photon backscattering beams resulting from
intense laser light collisions with high-energy electron beams.

This opens a variety of possible applications for therapy and for material science researches.

For therapy purposes, using flash dose deposit and micromesh techniques [Thmed1] requires accelerator of
high-intensity electrons at energies between 150 and 300 MeV. This was part of the programme [Thmed2]
intended for the PRAE facility project (Platform for Research and Applications with Electrons) [Thprae], “a
multidisciplinary platform based on a high-performance new generation linear accelerator delivering a pulsed
electron beam in the energy range 30—-70 MeV, upgradable to 140 MeV".

The GANIL site would be also interesting for R&D medical studies, since it is ideally located for the pre-clinical
tests on animals (small and large-sized) which are already part of studies done at ARCHADE and CYCERON. The
developments of the dedicated instrumentation and areas for the preclinical test studies would represent an
interesting aspect of the application of the electron beams at GANIL.

- Use of the beam dump for radioisotope production, similar to the photofission performed at ARIEL
[Thmed3].

This would require a new building, for the (hot) chemical processes needed to extract the radioisotopes.
GANIL is an optimum site since it is located near-by the “Francois Baclesse” oncology centre. This would also
constitute a complementary installation for the R&D radioisotope room, which is proposed to be associated
with the LINAG (in the work plans for the interdisciplinary applications at GANIL).

- Other applications may be envisioned and will be discussed, for solid-state physics and chemistry, with
colleagues from CIMAP and CRISMAT; for industry, for instance for micro-satellite irradiation.
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1. Medical applications of very high energy electron (VHEE) beams

Contributions (11.1-4) from:

S. Salvador®, R. Delorme®, V. Favaudon®, S. Heinrich®, L. de Marzi¢, Y. Prezado®
a. Normandie University, ENSICAEN, UNICAEN, CNRS/IN2P3, LPC Caen,

b. Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3

c. Institut Curie, Inserm U 1021-CNRS UMR 3347, University Paris-Saclay

One of the recent challenges in conventional radiotherapy consists in the constant struggle of increasing the
so-called Tumour Control Probability (TCP) while decreasing the Normal Tissue Complication Probability (NTCP).
In other terms, finding the therapeutic window of irradiation doses that will sterilise the tumour cells and spare
as much as possible the surrounding normal tissues and organs (Figure 1). Some modern techniques such as
intensity-modulated radiotherapy using MV photon beams or light and heavy ions may have widen the
therapeutic window to some extent but acute radiation reactions might still arise and be a reason for treatment
interruptions or failure. Moreover, radioresistant tumours might also need higher radiation dose to control local
disease progression but at the risk of intolerable acute or late toxicity. Hence, innovations in radiation therapy
treatment are still required to overcome these limitations.

Therapeutic window
100

Conventional

80
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40 -

Probability in %
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Dose —*
Figure 1. lllustration of dependence of tumour control probability (TCP, green) and normal tissue complications
probability (NTCP, red) on dose for conventional (solid) and FLASH (dashed) radiotherapy. TCP without NTCP
(blue) has its maximum in the so-called therapeutic window. Extracted from [1].

VHEE radiotherapy (very-high energy electrons, in the energy range of 100 to 250 MeV), first proposed in the
2000s, would be particularly accurate and independent of tissue heterogeneities (unlike low energy electrons
or protons), and could be applicable in a large number of deep anatomical localisations due to higher dose
depth profiles (as illustrated in figure 2). It is also potentially much less expensive than other radiotherapy
techniques, and would allow accelerated treatment, for example through Spatially Fractionated Radiotherapy
(SFR) as well as Ultra-High Dose Rate irradiation (UHDR or FLASH), thereby improving its effectiveness to limit
side effects to critical normal structures to an acceptable degree of toxicity.
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Figure 2: Example of dose depth profiles for several electron beam energies. Extracted from [2].

1. Spatially Fractionated Radiotherapy using VHEE

In SFR, the resulting dose profiles consist of a pattern of peaks and valleys, with high doses along the beam
paths and low doses in the spaces between them. This have been proven safe and effective in delivering large
cumulative doses without causing severe damage to healthy tissues, either with the Grid irradiation technique
(centimeter-sized collimated beams) or using mini or micro-beams (beam sizes from 50 to 400—700 pum [3]).
Small beams allow exploiting the dose volume effects: the smaller the beam size, the higher the tolerances of
the normal tissue. For these reasons, the combination of VHEE with the benefits of Grid therapy has been
proposed [4] (see figure 3). One advantage of using charged beams is that sub-millimetric beam sizes can be
obtained with pure magnetic collimation, avoiding the degradation of the grid pattern on the accumulated dose
due to secondary particles coming from a collimator. Varying physical parameters such as beam energies, grid
sizes, and grid spacing, it is possible to favor tumour exposure by delivering a quasi-homogeneous dose in the

tumour, or to enhance the normal tissue tolerance by enlarging the fractionated dose area.

Very High
Energy
Electrons
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MiniBeam
Radiation
Therapy (MBRT)

Dose (Gy)

Heterogeneous dose profile

VHEE Grid Therapy

0.1

0.01

Quasi-homogeneous dose profile

Figure 3. Principle of the spatial fractionation of dose and VHEE Grid therapy with two examples of peak and

valley dose profiles. Extracted from [5].



2. FLASH-RT

UHDR used in FLASH radiotherapy (FLASH-RT) demonstrated in vivo to dramatically reduce adverse side effects
to healthy tissues while being as effective for tumour control as conventional radiotherapy (CONV-RT) [6]. The
therapeutic window is then further widened as illustrated in figure 1 (dashed lines), opening the scope of
applications of FLASH-RT for radioresistant tumours. The irradiation conditions of UHDR to observe a significant
FLASH effect have been proposed in [7]. While the dose rate could be as high as 1 x 10° Gy/s, an equivalent total
dose as for CONV-RT between 10—50 Gy has to be delivered. In the current state of knowledge, this can be
achieved using very short pulses of few ps with doses above 1 Gy (~10 nC electrons per pulse) for a total
irradiation time less than 100 ms.

Most of the pre-clinical studies investigating FLASH effect have been done so far with electron beams generated
by a compact LINAC with energies not exceeding 6 MeV, which are only suitable for treatment of superficial or
shallow-seated lesions. As an example, figure 4 shows a mini-pig skin irradiated with both conventional (5
Gy/min) and FLASH-RT (1 Gy/us) with the same total dose. In the case of the FLASH irradiation, the skin did not
present necrotic lesions compared to the conventional irradiation, illustrating the high potential of FLASH
irradiations. VHEE would allow to investigate the benefits of both modalities for deep-seated tumours but this
however represents a challenge from the accelerator point of view as the electron beam current will have

to be above 10 mA.

Figure 4. Irradiation of a mini-pig skin with the same total doses, delivered using 300 Gy/s (FLASH) and
5 Gy/min (CONV) dose rates. Necrotic lesions were observed at the CONV-irradiated spots whereas the skin in
FLASH-irradiated spots presented quasi-normal appearance. Picture extracted from [8].

3. The dosimetric challenges

SFR as well as FLASH-RT present significant metrological challenges as there are three to four orders of
magnitude either in smaller beam sizes or in higher dose rates than for conventional medical accelerators.
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For SFR, the narrow beam widths (typically from 50 um for microbeam to 400 pum for minibeam) require a
detector with submillimetric dimensions to accurately measure peak doses and scattered dose between the
beams (valley). The detector should also exhibit tissue equivalence in a large range of particle/particle energies
(applications exists from KV X-ray spectra to protons or VHEE) and have a linear response with dose rate and
beam energy. A robust dosimetry protocol is then at the core of any quality assurance or experiment for these
new radiation therapy techniques, and thus presents significant challenges to dosimetric measurements.

Concerning FLASH-RT, the established active detectors for online dosimetry start to fail when the dose
rate/dose-per-pulse is increased beyond what is used in CONV-RT [9]. Two aspects of the dosimetry are
particularly difficult to ensure within clinical accuracy: establishing standards for the delivered dose (whether
for absolute or relative dosimetry) and monitoring the beam for deviations during the irradiations. For example,
significant efforts are currently made on developing and modifying calorimeters as primary absorbed dose
standards but aspects of their behaviours under VHEE and UHDR irradiation still remain unknown. Concerning
the beam monitoring, ionization chambers are considered the gold standard by the international codes of
practice. Their reduced charge collection efficiency due to ion recombination can be corrected in the case of
CONV-RT but reaches its limit for FLASH irradiation, where the high charge density in the chamber makes it non-
linear and non-proportional. Those challenges will have to be thoroughly investigated before any clinical
implementation of FLASH-RT.

4, Conclusion

Combining the ballistic and practical advantages of VHEE with the potential of new forms of radiotherapy such
as SFR and FLASH irradiations would allow to effectively treat radioresistant and deep-seated tumours while
limiting side effects compared to CONV-RT.
The construction of a dedicated machine for very-high energy electrons with SFR and FLASH capabilities ready
for physics, biology and preclinical studies would allow many research groups associated to deepen our
knowledge on these irradiation modalities.
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