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Solid hydrogen target R&D (2019-)
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R&D on Solid hydrogen target

Test with nitrogen, 2cm thick x ®5cm Solid N, for test

Test with hydrogen in Progress.

Credit : T K&ZE. KF
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Glauber-type model , fragmentation , IQMD
O BHEacisz N ( E~300 MeV/nucleon)
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p nuclel and p-process

M. Arnould & S. Goriely, Phys. Rep. 384 (2003) 1
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Experimental focuses: origin of Er and La isotopes



Less is known for “p process”

Arnould and Goriely, Phys. Rep. 384, 1 (2003)
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The p-process of stellar nucleosynthesis: astrophysics and 5 s . . 1 I_
. o lg g2 2. t= "N
nuclear physics status : F:: I : u 'I
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“The first remarkable feature of this process is the &
T} 8
. . . = I
scarcity of the efforts devoted to its understanding. 2 l °
74 °
. o 3
In fact, after about 50 years of nuclear astrophysics =
oo 810 ' 1('JO ' 150 ' 14I10 ' 1é0 ' 1;30 ' 200

research, the number of articles devoted to it still \ASS NUMBER A

remains inferior to the 35 nuclides traditionall
Y p-process in SN II model (13-25Mo)

classified as p-nuclides.”
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p-nuclel production via y process

y-process: the most established scenario for the production of the p-nuclei

Core-collapse supernovae thermonuclear supernovae

.

WWW.E08S.0rg

The p-nuclei can provide important constrain to the nucleosynthesis in
core-collapse and thermonuclear supernovae.

Woosley & Howard AplS 36,285(1978) Arnould & Goriely, Phys. Rep. 384, 1(2003)



y-process

p-nuclel are produced via different photodisintegration paths starting on
heavier nuclel.

Typical parameters for the y-process: 2<Ty<3, time scales ¢in the order of seconds.

s/r seed Seed nuclei from prior strong s/r-process
nuclei ® (y.n) =2 p-rich nuclides

® Deflection point: A(y,p)+A(Y,0)

become faster than A(y,n)

- Flow will branch, different isotopic chains

® \Vith decreasing T, B*/EC takeover:

® At the end, photodisintegration cease;

B-decay to stable nuclel

A _ .
y4 deflection point (v,n)

network of ~ 20000 reactions linking about 2000 nuclel (mainly unstable nucler)
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Progress: (p,y) cross sections

Almost all the reaction rates are based on models, except for some stable
medium heavy nuclel using, e.g., (p,y), (N, V).
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Credit: L.C. He, PhD thesis (2018)

Isotopes on which (p, y ) cross sections relevant for the y -process have been measured. The upper part
of the p-isotope mass region is not shown since there are no data available there.
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Experiment vs theory relevant for astrophysics

Activation-decay gamma radiation

E E =Q+E,
9_-_Yé'}'_f/ (p,n)
il i s A Sn

B+/EC
V* ‘ \ 7’
X (PY)Y & }
SERARNER
) \\‘\\‘\ {
WY
1

Hauser-Feshbach statistical model
HF ST R 2

O Optical potential (proton width)
O v-ray strength function

O Level density

(I');(I"), i input channel
(0 )HF X o: output channel
(Mot tot: total width

» Determine o(p,y) and o(p,n) by counting y rays
> (p,Y), (p,n)are crucial to determine the gamma and proton strength

» Level density: total width

Kiss et al., PRL101,191101(2008) 14



Sensitivity to inputs
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Sensitivities when multiplying the transmission
coefficients (averaged widths) by a factor of 2

Rauscher, IJIMPE 20, 1071(2011)
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First experiment study on Dy(p,y)

Difficulty: 7 stable i1sotopes, almost impossible to distinguish isotopes

=> (p,y) and (p,n) can yield the same isotope at 3-7 MeV

Dy158
0.10%

s-process
Solution:
Isotopic Abundances in the Natural Dy ("*Dy) and the Enriched '®°Dy Targets (**°Dy,05)
Type Material Isotopic Composition
1 "Dy 10Dy (2.34%), 11Dy (18.91%), 192Dy(25.51%), 193Dy (24.90%), 194Dy (28.18%)
2 19Dy, 0,4 10Dy (51.82%), 11Dy (13.87%), 192Dy (5.79%), 193Dy (3.05%), 14Dy (1.68%)
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Experiment @ CIAE

Proton beams delivered by the 2 x 1.7 MeV and H1-13 tandem accelerators

Faraday cup

VME DAQ Low-background

HPGe/Clover

» Timestamps of each event
» Dead time correction 17



Real-time beam counting o=

) l
suppression voltage 30-60 mins 30-1000 mins
U=-300V
water Toling 1.6x107
insulation ring
chamber current Faraday Cup
/@' <! 4x107
protons =
:_ o target | & 16 mm i gollimator §
®5 mm = )
O 1.2x10
ISMUo =5, N> b
200 mm 1.0 107 " 1 " 1 " 1 s 1 " 1 . 1 "
. X 0 500 1000 1500 2000 2500 3000 3500
Dy targets Collimated Time (s)
1-2 mg/cm? Proton beams

beam current digitized with a 50ms sampling
Irradiated by

3.4-7 MeV
30-60 mins (t,)

Beam fluctuation can lead to up to 35%
150-700 nA difference In the cs determination!
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Cross section determinations

The activation method is constituted by the irradiation and the residual measurements of the experimental target.
The rate of change in the number of radioactive nuclei is given by the difference of production and decay rate,
dN(t
# =o(E)N,I(t) — AN (t), 0<t<y (A1)
where N(t) and A are the number and the decay constant of the object nucleus, o(E) the cross section of the reaction
at the bombarding energy E, N, the number of target nuclei, and I(¢) is the beam intensity at a time ¢. 5 is the
irradiation time.

The number of reaction products is: I(t) current as a fu nCtiOn Of t|me

ty

N(ty) = Nyo(E)e / I(t)eMdt , (A2)
0

In the present work, a waiting time ¢,, was needed to release the vacuum, dismount the target and place the target

in the position for off-line measurement. Then the targets were measured for ¢,, (measurement time). The decayed ~y

rays emitted from the target is thus
ny = N(tp)e ™ (1 — e )eyy (A3)

where €, and 7, are the detection efficiency and the gamma intensity, respectively.
Deduced from Eq. A2 and Eq. A3, the cross section of the reaction, o(E), is

o(E) = n7 t ’
Nye Atve—Atw 1- 6_>‘tm)5'y77’y fob I(t)e’\tdt

(A4)

For the special case of a constant flux, I(t) = I, the above equations can be solved analytically. Eq. A4 can be
rewritten to

ol — A,

= A5
Nslpe 2w (1 — e~ Mm)(1 — e~ e )e n, (45)

Parameters :

» Target : thickness, abun.
Cooling during Irradiation

» Beam current, I(t)
Real-time measurement

(20 Hz)

> V-ray spectroscopy

energy, counting

eff., dead-time correction

19



Activation y-ray spectra

Measured by Clover detector in a low-background system
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Different reactions can result in the same isotope, e.g., **°Dy(p,y)*Ho, *Dy(p,n)*Ho
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Cross sections: exp. vs.

Cross section (mb)

161Dy(p,n), 1°°Dy(p,y)
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(p,y): Deviation seen from the ~4 MeV (neutron threshold of 1%*Ho) on
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Stellar rate: 1°'Ho(y,p) ¢°Dy

Ratio to NON-Smoker rates

1E+09 |

Ratio

1E-01 |

Reaction rate (s™)

l:] Uncertainty

—— NON SMOKER
—— A160_Best parameters]|

1E_11 [ 1 i 1 " 1 L 1 i 1
2 4 6 8 10
T (GK)

B The stellar reaction rates sharply depend on the temperature and span over 250
order of magnitudes in the temperature range of Tq = [0.1,1.0].
B The ratios to the NON-SMOKER calculations are up to one order of magnitude.
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Nucleosynthesis calculation for A~160 p-nuclei

a network calculation using the updated %'Dy(y,p) cross section assuming the y-process
layer in SNe la. (Kusakabe et al., ApJ 726, 25(2011))

9 11 9) . ’IG’OD‘? f”/\\‘ (a)

S B Cross sections are precise

O 5

< enough for the y-process

Z .

= calculations.

e Y : : ! A

S ‘ 4 ™ ‘ B |t has a minor effect on the
(b)

0 () s . .
§ : ~ yields of 189Dy and accordingly
D g -5 _ N7 ¥/
= I N \V// _ . 156,158
g R J— : the p-nuclel, Dy.

k. _ w| ®1Dy(y\p) rate
8 i WL'Eh JlNA relaechI? ] enhanced by 100

10 10 10 10t = 10 10 10 10 _122.8 . T:»‘l 25 p

Impact of 1%1Dy(y,p) and its Sensitivity of 1%1Dy(y,p) rate
uncertainty on the mass flow on the isotope abundance
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1Dy (p,n)/(p,9)

First evaluation of the proton-width, gamma-width in this mass range
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Ready for discussions with theorist

24



Perspective

(v,n/p) vs (p/n, y)

O RFNE62164Dy (p,n) vs (p,y) ELE

O E-

- J:;%; N/

}

RIS NI E RIS
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Bergere et al., Nucl.Phys. A121, 463 (1968) Energy [MeV]

Beil et al., Nucl.Phys. A172, 426 (1971)
Belyaev et al., Izv.Akad.Nauk SSSR, Ser.Fiz. 55, 953 (1991)
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Charge-changing reaction and neutron skin-thickness

BENERNMNERFREE



Size: bulk property in nuclei

The nuclear size 1s often studied Iin terms of the second moment of the
corresponding density distribution of a nucleus In its ground state.

(12) = f drpy(rr?  g=n, p

Also referred as root-mean-square (rms) radius of neutrons and protons.

® Matter density: O, + Pp —— matter rms radius

The proton and neutron distributions may not be exactly the same at the
surface of (stable) nuclel.

® Neutron skin thickness: Ary, = (rﬁ)l/z — (rﬁ)”z

29



Neutron-skin thickness ar,, = (2)1/2 — (12)1/2

n p
Protons and neutrons develop differently in Nuclel
04 L L e 0'6 ottt .E
L o DM & 0.4 | ] -})
03__ o Exp. .&,/\“‘ S .\‘c’ E ‘% g
- o T 0.2 1 =
02F TS o0 5 g ] : + W?‘WHW 3
e o s 1P - ol LB LagtefTe vTIT T 2
oy -_ & o& & h E *
E 0.1} g $T & &
£ k¢ j S — 0.2 r 1 e
kc 0 bb be N‘b Q ) 7 Q" ‘ X
< - o &© $ £ yiwo ) £ -0.4 _+ e o -;l‘)
0.1F? N - < — =% Ne| &
[ Nl -0.6 [ ° Mgl ®
o s ] + 91 §
021 s PNNP101(2018)96 -0.8 - Ar-
b | - - - N _1...|....|....|....|....|Cfa
0 005 01 015 02 10 15 20 25 30
(N-Z)/A proton rich N neutron rich
Data from antiprotonic atom experiments Data deduced from different types of experiments

The thickness, studied experimentally and theoretically for decades, remains a
frontier in current nuclear physics, and new experiments are proposed worldwide.
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Ar,,

Ar,, of atomic nuclei are correlated with many interesting physics.

Fi0 — 1 _
Symmetry energy:. S(p)=] ‘HLEM 4 _Ksym(u
- 3100 2 3/00

the slope of the symmetry energy at saturation

)> + Ol(p — po)’]

———— - 19T —T " T T E T 4
¢ Xp
Linear Fit, = 0.98 Y | e ey o
2 S — r=-0.985 RQRPA
| o EDFs A {P o = (ov' o 7 —_ c—
- 2 A = A A Skyrme > 3 (DD-ME2)
208pp 3 %% ®deo | st 1 2 | == EXP.
3, 34505 %87 1% I

%%-;%o/ %‘4% 3 cu’fuz%% > = mi‘ 2r

288 %20 ©° o % © i
[ $6°,8 o, * % _ < L o L

. 2% oS % = REEETYS E 5
[ Y O,Zo}""" % | | M- 112-124
[ g N Py o > : SI‘l
- > o ¢y %% . . Dipole polar. o i
%% o 00, 1 - i . - 1
.%% 2 = 29 4 | ' Elastic p scatt. : | . 1 : | A 1 -
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Roca-Maza & Paar, PNNP101(2018)96
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Direct determination of Ar,, = (r2)1/? — (rﬁ)”2

matter | Interaction x-section (EfE)

e-scattering
laser spectroscopy - N
radius o]l
BT LR (KRIFEH)
DS EINARFE DR S ES
O\“ECT MEASURE /_\EE |7:|< \;/EI\ ?
| QERY DIFF/CULT!
T.Yamaguchi

Hadronic probes, nucleon or heavy ions, require model assumptions to deal
with the strong force. It in principle can be applied to exotic nuclei.
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Reaction cross section of nuclear collisions

# Or= JT(RP “r Rt)2 | GI Nout= Nip 791 ‘
Nin
Projectile — N out }i F__‘L ,'s:z%
t \
}F*’% 2 Z or N changed
( p° p) EEI,*/(
Sensitive to both (At ) Zt)
Proton & Neutron Densities

Target

At high energy, Interaction x-section 0, 0,= 0p- O,pemstic = Op
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Cross section and nucleon density/rms radil 55

':
Glauber model for interaction (reaction) cross sections works very well from ===~

target
30A to 1000A MeV. Energy dependence of the cross section provided a mean
to determine the density distribution of nucleons.

Optical limit (an example)

60
o,(P.T)= [[1-T(®)]db E
) ;
S o
I'(b)=exp[-0, f 1Pp,(xr=b)py,(r)+pp,(r—b) pp(r)dr 3 40
. %2 30 |
_oan {pPp(r _b).an(r)-{-an(r_b).pr(r)}dr] 8 20 ” ,
100 200 5001000
Opp, Opn: NUCleon-nucleon total cross section Ejp MeV)
Ppp Ppn: Proton, neutron distribution of projectile >200 MeV/nucleon: Eikonal model

o (sudden approximation, Eikonal approximation)
PTp, P1n: Proton, neutron distribution of target
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How to deduce nucleon density or radii

~

p(r)

P (r) : ModeFDensity

Glauber .
Calculation Feed Back

Again! OR(Calc.)

! change Parameter!

3
r(fm)

L Compare
O R(Expt.)

Gy(mb)

M. Fukuda

! : :
CE/A(MeV)

Practically it can reproduce well the experimental o, data at 100 AMeV and above.
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Systematic studies of interaction cross sections

~ 3.5 I. Tanihata et al.
E Phys. Rev. Lett. 55, 2676 (1985)
(2]
B 3.0 Interaction cross section
= 3.
o measurements at Bevalac
= (790 MeV/u)
=
325
=
z
| |

6 10
Mass number

effective NN interaction
strong in-medium effects

(almost) bare NN interaction
weak in-medium effects

—
23,24

0 2°p 3INa
29

4 8 12 16 20 24 28
Mass Number A

32

~stable
Isotope

It has been one of the most effective way to extract the rms matter radii of exotic nuclel.
Providing first hand information for most exotic light nuclel.
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Interaction x-section vs charge-changing x-section

Neutron

At intermediate and high energy )

Projectile T Recoil Nucleus
arget

H & ..
(Ap’ Zp) (A, Zy) Way

0> Py > Rm Light ions a Occ = pp = Rp
the reaction probability of changing nuclear the reaction probability of
species ( A or Z) after collision, and are changing element (Z) after
correlated with the matter (proton+neutron) collision, and are correlated with
density distribution in projectile the proton density distribution in

projectile .



Cross section and nucleon density/rms radii

Cross section can be formulated in a microscopic Glauber model, relying only
on the nucleon density distribution in the projectile and target nuclei
and the bare nucleon-nucleon interaction.

Optical limit (an example)

neutron radius

o,(P,T)=f[1—T(b)]db Oy = 27T [b[l - T/’(b)]db|
T'(b)= exp[—oppf Pp,(r —b) pp, () ¥ pp,(r —b) - py, (x)}dr
I+ Pp,(r —b)- pp (r)}dr]

'y opn‘ ; pPp(r 0 b) .an(r

Opp: Opn: NUCleon-nucleon total cross section

Ppp: Ppn: Proton, neutron distribution of projectile

P1pe PTn: Proton, neutron distribution of target
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R, from o of exotic nuclel

B systematic investigation at HIMAC Yamaguchi-PRC 82, 014609 (2010)
Yamaguchi-PRL107,032502(2011)
ok 1 °8Si+ Ctarget | 1207 |
" | oy(theo)
1.15 —
s 1200 4 5 .\!9'\:;.‘0\ ° occ(exp)
;j 1100} ¢ % T . ‘ | GCC(theo)
O'cc(thEO) %

1.05 -
1000

T
|

| | | | | | | |
100 200 300 400 500 600 700 800 1.00 -

E ( MeV/nucleon) 0 100 200 300 400 500 600
E (MeV/nucleon)

« Energy-dependent correction factor needed for the zero-range optical-limit
Glauber-type calculation to reproduce the experimental data
» The Glauber model successfully relates the o to R,
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Experiments at HIMAC, RIKEN, GSI, RCNP

(@) HIMAC = s (b) RIKEN
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~300 AMeV ~300 AMeV

(c) GSI (d) RCNP

Setup for Charge-Changing

Cross Section Measurements g g @J O

FRS provides fully identfied TPC TPC Sa o §§ 7 E

exotic nuclei I I l l | P4 ] B2 2 3
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~900 AMeV ~40 AMeV
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< r? >113/2 of unstable nuclei studied by o

. . 26| empty: Occ I
B mostly in p-sd shell nuclei o b
E l2C :T- \7Z
— 24 Vi
> ° 15 |
N=Z o Ca u
Experimental uncertainty = TILT ‘ ] t 5 22 | c
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0.05 Mn(25) e 48 o
criz4) [ ] 46 Mass Number A
o 0.04 Tirz\;(ZISJ ] 44
0.03 Seiz) ¥« 911, 14-16C, 16180 ~ 300 A GeV (HIMACQ)
0.2 o mmn j T Yamaguchi et a/, PRL 107, 032502(2011)
B B | NN Sawahata et al, NPA 961 (2017) 142
| S(16) [ 34 . 7,9—12,14Be’ 12—17B' 12—19C' 17-22N ~1 A GeV (GSI)
-t nE N Terashima et a/, PTEP 2014, 101D02
Vo1 [ 1t 5 Estrade et a/, PRL113, 132501 (2014)
o : pd my 2 Kanungo et a/, PRL117, 102501(2016)
F(9) & ) 24 Bagchi et a/, PLB790, 251(2019)
o el Al . 12I8C ~ 45 A MeV (RCNP)
i J e = Tran et al, PRC 94, 064604(2016)
By 12 14 16 Tran et a/, Nat. Comm. 9, 1594(2018)
Y b 10 « 30Ne, 3233Na, 4251Ca ~ 240 A MeV
e °1 BCECHLE (RIKEN)

Ozawa et al, PRC 89, 044602(2014)
Tanaka et al., PRC106(2022)014617



Experiments at 900 MeV/u at GSI
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« Neutron surface: 0.2 fm (1>C) ~ 1fm (1°C)

Mass Number (A)

14 16
Mass Number (A)

18 20 22 2

BEid “HE” GM, H
MREZFEZ,
BIMER BT RTER

Q : how reliable is this
Determination?

 Halo radius in 1°C: 6.4(7) fm from core+neutron model: as large as 'Li
« kink at N=14 for N isotopes? ?°N neutron halo-like structure?

Kanungo et a/, PRL117, 102501(2016); Bagchi et a/, PLB790, 251(2019)



RMS radius (fm)
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3.3

o;and o of Ca isotopes at RIKEN
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Ruiz et a/. Nat. Phys. (2016)
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RIBLLZ - Second Radioactive Ion Beam Line at HIRFL

RIBLL2 was using routinely as a beam transfer line from CSRm to CSRe. To exploit its full
ability and to investigate HFRS at HIAF has been one of our group focus since 2015.

Beam delivered for
Slow extraction
160@360 MeV/u ,
180@400 MeV/u ,
OAr@320 MeV/u ,
78Kr@300 MeV/u,
~ 108 particles/spill

J.W. Xia et al. The heavy ion cooler-storage-ring project (HIRFL-CSR) at lanzhou. Nucl. Instrum. Meth. A 488 (2002) 11
BHS et al., Towards the full realization of the RIBLL2 beam line at the HIRFL-CSR complex, Sci. Bull. 63(2018)78
Y. Sun et al,, The charged fragment detector system of the External Target Facility, NIMA927(2019)390 45



Detector development

TOF wall

LR SRS

ﬂ“-\‘.- sunuuy

Zhang-IMA795(2015)389 T
Zhao-NIMA930(2019)95 Y.Sun-NIMA893(2018)68

TOF detector

MWPC1 MUSIC MWPC2

Zhao-NIMAS823(2016)41
Lin-CPC41(2017)066001 NIMA985 (2021)164682

Yan-NIMA843(2017)5
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ETF: 2021

3
7]
TOF-dE-Bp l

Half-RIBLL2

MUSIC1 MUSIC2

Y. Z. Sun, et al., Nucl. Inst. Meth. A 927 (2019) 390 .



CSRm RIBLL2 1 ETF

0
t\.,,F 4
E
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Increasing resolving power ( light mass to intermediate mass range )

BHS et al., Sci. Bul. (2018); F. Fang et al., Nucl. Phys. Rev. (2021)



RIBLL2 upgrade and F4

CSRm
N ST ETF
) | D3 ¢T3
' ».___.__']?0 S L ‘/- x
’.' F 1 _‘\“‘
PT N s wp®
Dj D2

B Upgrade all the focal plans
B Install beam diagnosis system for primary beam and RIB beams
B |on-optical optimization
B New F4 platform: increased TOF pathlength from 26m to 42 m

Courtesy: Yong Zheng, Xueheng Zhang, H. Ong
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CCCS measurements at ~ 300MeV/nucleon (2015-)

N=Z
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J. Zhao, BHS, Nuclear Physics Review (Chinese edition), 35(2018)362

BHS, Science Bulletin 65, 3886 (2020)
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New data in sd shell

o.. [mb]
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L Systematic data;
Si
N=20 kink is seen, but N=14,
Mg 16 needs a better statistic
) Data with improved statistic
T (2021)

Neutron number N

HIMAC-Data (empty) , 25-28Si: NPA961,142(2017)

Courtesy: Guang-Shuai Li, Xiu-Lin Wei, Xiao-Dong Xu
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Cross Section (mb)

New data in stable C, N and O isotopes

1000
| (a) i 3 g
800 | [e] g O
¢ ® ® oo
O 0
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\40ccexp' e
3 6( o cor. o
400 - " <(\\(\ CcC |
e\\ occca. (=]
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200 (Ph
A A a A ase 1]
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o | | | | | | | | |
12,13,14 14,15 N 17,18

neutron

proton
AN
. o
Prefragment
(Excitation energy ¢)
[Phase 2]

particle evaporation

Courtesy: M. Tanaka

Glauber model cannot reproduce the cross section, while by including proton
evaporation process , can well explain the discrepancy between experiment

and theory.

J. Zhao, BHS, J.Y. Xu et al., in preparation
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neutron induced charged particle evaporation

Distribution probability (/1 MeV)
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J. Zhao, BHS, J.Y. Xu et al., in preparation
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Isospin dependent ?

012

® C-900 —

J. Zhao, BHS, J.Y. Xu et al., in preparation
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Are the Ar,, of light nuclei useful to constrain £?

0.6 | ! l ! =
2
0.4 } 4 °
S
0.2 € 4 &
20 b ettt ]
& - ﬁ 2
= -0.2 -
a, ¢ 5
S -0.4 [m —3— o] @
< i —®— Ne | §
-0.6 + o Mg 5
~0.8 | Ar{ @
Ca
_1 1 N R B R
10 15 20 25 30
proton rich N neutron rich

55



Seems not good enough ...

T Calculations done by Y.F. Niu group
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Linearity between L and skin thickness holds better in medium and heavy nuclei.
Roca-Maza & Paar, PNNP101(2018)96 56



Mirror nuclei as a laboratory to probe EOS

Ryin(Z,N) = R,(Z,N) - R,(Z,N)
~ R,(N,Z) — R,(Z,N) = Rpirr(Z, N).

120

A 3 o Bou-Bsie | 4
\ 8‘}) BOF y |
v S ol "

e S -2 - - - - ---]
AX A o 40? ———————————————————— - ,gl‘.:r fffffffffffffffffffffff
ZAN NYz o 1

¥ |
|SOSp|n Symmetry 20000 040 0.L11! oz 04
Ar . (fm)

nearly identical properties Wang & Li, PRC 88, 011301(R) (2013)

The differences in the charge radii of mirror nuclei are shown to be proportional to
the derivative of the symmetry energy L at nuclear matter saturation density.

Brown, PRL 119, 122502(2017) ; Yang & Piekarewicz, PRC97,014314(2018)
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Constrain EOS by CCCS difference of mirror nuclei

30Sj

Mirror nuclei + same target

30g

Ao e = 27(1 + af?)[R™

targ

t
+ af R Z,N) = IR

Ryin(Z,N) = R,(Z,N) —R,(Z,N)
~ R,(N,Z) — R,(Z,N) = Ryirr(Z, N).
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Xu, Li, BHS, Niu, Roca-Maza, Sagawa, Tanihata, arXiv:2205.05276, PLB833(2022)137333




Target combination : ?H, '“C vs 'H

60 o nucleus with neutron skin
‘© |
g/ 50 _ large o,
5§ 1. N
Sé 40 _ b # proton
g 30 ;_ | n‘ut el{sr \_Wl proton skKin
QO -0 | small o

100 200 500 1000 —
proton

Ep, MeV)

H/D target: best target to disentangle r, and r,, isospin effect.
proton/deuteron target can be used to deduce neutron skin thickness

Solid hydrogen target is in developing. Horiuchi, Suzuki, Uesaka, Miwa, PRC102, 054601(2020)
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First results on TH at 900 MeV/u at GSI
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Problem with H-target data

CCCS (mb)
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Even considering the evaporation process cannot explain the data!

I [ [ I I
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= GM + evaporation .

Glauber model (GM)
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Theory by Tanaka
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In discussion with theoretician
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Developing a hew approach to deduce rms radii
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Total (p,n) charge-exchange reaction

c;CC

— —— Reaction product
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Assuming (p,n) to excited states above one-proton emission threshold, then only proton emission64



> Gamow-Teller strength vs Ex: T,R %t

JRF ¥t

» Gamow-Teller quenching

> Test theoretical models
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BT 3 ;& B 5 B(GT)

charge
exchange
reaction
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proof-of-principle experiment: °C(p,n)!°N
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Partial cross sections for application

% RRIS3 &R



‘B "HRE

B ("°C,2Ne)infE

By making individually customized treatment devices,

the irradiation can be adjusted to the shape and depth
of the cancer to be treated.

Heavy ion beams
(Carbonion 12C¢*)

JEE

Neutron Proton

Accelerated to about 70%
of the speed of lightby a
special accelerator.

(26)abeweg

IRRIZRL @ 12C+p , 12C , 160F
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Atomic number Z

Elemental fragmentation cross sections

Oa,=1: 28Si (Z=14) = Al (Z=13):  0,,=2: 28Si (Z=14) = Mg (Z=12)
0,,=3: 28Si (Z=14) = Na (Z=11). ......
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EFCS for 2°-33Si, and also Mg,Al,P,S,Cl isotopes
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® XIEREX AUZ NIETE

® HEXTICREXAIZ NIETE

Experiments can be performed with high precision, however,

theoretical interpretation are urgently called for.
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