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DUINKN HALLN TOMLMHY HEATPOHHOTO CMOS HA NOBEPXHOCTH
AApa HUKeNs, CPaBHWUR 3apaAoBkLIe paauyckl saep >*Ni

u 54Fe. DT0 3HaYEHME CBA3AHO C BENIMYMHOI 3HEprumn
06MEHHOTO B3aMMOAEICTBUA B ALEPHOW MaTEpUH, NO3TOMY
W BAKHO A/18 NOHUMaHUA DU3UKN TSXKESbIX ATOMHbIX S4ep

W HENTPOHHBIX 3Be3f,. Pe3ynbLTarthl akcnepumMeHTa
[JOCTATOYHO XOPOLUO COBNAMN C AAHHLIMU, NOMYYEHHLIMK

B NPeAablayLUX NabopaTtopHbIX IKCNEPUMEHTAX, U AaHHLIMM
Ha6NI0AEHMIA 32 CIMAHMEM Napbl HEATPOHHLIX 3BE3A.
Wccnepoeanne onybnukosaHo B Physical Review Letters.

“Neutron skin”, ckopee Bcero, npaBuAbHO NEPEBOAUTL “HEMTPOHHaA LWwy6a”
unm “rano”.

A elé HY)XHO CMOTPETb, HEUTPOHHAS OHA MM MPOTOHHas!, TaK YTO B 3TOW
MonynspHOM HOBOCTM Y3Ke B 3arofioBKe OLWMBKM. [10TOM NOCMOTPUM, YTO

OblNI0 B CTaTbe.
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3pechb (c caita MocTHayKM) MCNONb3yOTCA 06a TEPMMHA U “Koxa”, U “rano”
O6palyaeT Ha ce6st BHMMaHue sapo 34Si ¢ nonocTbio (bubble) BHYTPY.
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Charge Radius of Neutron-Deficient Ni and Symmetry
Energy Constraints Using the Difference in Mirror Pair Charge
Radii

Skyy V. Pineda, Kristian Kénig, Dominic M. Rossi, B. Alex Brown, Anthony Incorvati, Jeremy Lantis, Kei
Minamisono, Wilfried Nortershauser, Jorge Piekarewicz, Robert Powel, and Felix Sommer
Phys. Rev. Lett. 127, 182503 — Published 29 October 2021




The nuclear root-mean-square charge radius of 5INi was determined with collinear laser
spectroscopy to be R(*'Ni) = 3.737(3) fm. In conjunction with the known radius of the
mirror nucleus 54Fe, the difference of the charge radii was extracted as

ARy, = 0.049(4) fm. Based on the correlation between A R, and the slope of the
symmetry energy at nuclear saturation density (L), we deduced 21 < L < 88 MeV. The
present result is consistent with the L from the binary neutron star merger GW170817,
favoring a soft neutron matter EOS, and barely consistent with the PREX-2 result within 1o
error bands. Our result indicates the neutron-skin thickness of **Ca as 0.15-0.21 fm.

T.e. HEMTPOHHaAs Wyba 34ecb He ana Hukens, a ana 48ro kanbums (20
NPOTOHOB + 28 HEWTPOHOB).
3anoMHuM, uTo TYT noseuncsa napametp L - “slope of the symmetry
energy at nuclear saturation density” — kak paclwumdpoBaTtb ero cmMbicn?
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Koa Sky3D

OnucaHue Kofa faHo B CTaTbe

The TDHF code Sky3D version 1.1 / B. Schuetrumpf, P. G. Reinhard, P. D.
Stevenson et al. // Computer Physics Communications. — 2018. — August.
— Vol. 229. — Pp. 211-213.

Kof npuMeHancs He ToNbKo B sAepHOW GU3nKe, HO U B acTpopu3nke
HEWTPOHHbIX 3BE3[,

Quantum simulations of nuclei and nuclear pasta with the
multiresolution adaptive numerical environment for scientific
simulations / I. Sagert, G. I. Fann, F. ). Fattoyev et al. // Phys. Rev. C. —
2016. — May. — Vol. 93, no. 5. — P. 055801.
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Llenn koga Sky3D

Nature of problem: The time-dependent Hartree-Fock equations can be
used to simulate nuclear vibrations and collisions between nuclei for low
energies. This code implements the equations based on a Skyrme energy
functional and also allows the determination of the ground-state
structure of nuclei through the static version of the equations. For the
case of vibrations the principal aim is to calculate the excitation spectra
by Fourier-analyzing the time dependence of suitable observables. In
collisions, the formation of a neck between nuclei, the dissipation of
energy from collective motion, processes like charge transfer and the
approach to fusion are of principal interest.

8 ‘




Mopenb cpegHero nons B g4pe, 0CHOBaHHAA Ha cunax Ckupma, u
POACTBEHHbIE 3TOM MoAenn PYHKLMOHANbI MIOTHOCTM HALLX LUMPOKOE
npuMeHeHne a9 ONUCAHUS OCHOBHbIX COCTOSIHUI g4ep, KONNEKTUBHbIX
KonebartenbHbIX BO3OYXXAEHWI, 1 CTONKHOBEHWUI TSHXKENbIX MOHOB. Ko
Sky3D pewaeT ctatyeckme MM gMHaMmMyeckne ypaBHEHUS Ha
TpeXMepHON [eKapTOBOW CETKE C M30/IMPOBAHHBIMU AU NMEPUOANYECKUMM
rPaHMYHBIMW YCIOBUSIMU U HE UCNOJIb3YeT AOMNONHUTENbHbIX
npeanonoXxexHui o cummeTpun. CnapmBaHmMe HYKIOHOB MOXET ObITb
BKtOYeHo B npubnmxkeHun bKLL ans cratuueckoro cnyyas. Kog,
peannsoBaH Tak, YTOObl €ro MOXHO Nerko MoanMbULMpPoBaTL A4S
BKJIIOYEHUS [LONONHUTENBHOW PUIMKM MK CNELMANbHOMO aHann3a
pe3ynbTaTos.

Kop ynoBneTBOopuTENbHO NPEnCKa3biBAET OTBETHI A1 SHEPTUM CBA3M SAep.
Hanpumep, ans 208pp Ko paét 7.841 MaB/HyKnoH, a akcnepuMeHT 7.867
(Audi, G.; Wapstra, A. H.; Thibault, C. 2003NuPhA.729..337A)
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TDHF code Sky3D Bepcusa 1.1 goctynHa no ccoblike:
https://data.mendeley.com/datasets/vzbrzvyrn4/1

HyxHO nMeTb B BMAY, 4TO KoA — He XapTpu-Pok, Kak MOXHO AyMaTb No
abbpesuatype TDHF, a aBngeTcs HecTauMOHAPHbBIM METOAOM
dyHKuMoHana nnotHocTtu (DFT). ABTOpbI NULWYT:

“Most recent Skyrme density functionals contain terms such as fractional
powers of the density that cannot be related to a two- or three-body
interaction. In that sense, the present code solves the TDDFT rather than
TDHF equations. Nevertheless, we prefer to keep the name TDHF since it
is associated historically with this large field of nuclear reaction theory.”
OTMeTnM, 4TO BCe NapaMeTpbl MOTEHLMANOB, 3a/10KEHHbIE B KOJ,
COOTBETCTBYIOT AaHHbIM paHee 2018 r. Mbl yBuanMM, 4To NpeackasaHns
KOAa YL0BNETBOPUTENBHO OMUCHIBAKOT NOCIELHNE SKCNEPUMEHTDI,
onybnukoBaHHble B 2021 r., Ang MHTEpeCyoWmUX Hac Saep, YTo NpUaAET

YBEPEHHOCTM B €ro HaféXHOCTM 6e3 NOAroHKM NapaMeTpos.
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https://data.mendeley.com/datasets/vzbrzvyrn4/1

Sky3D ans “8Ca
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Paccmotpum 24Si
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B camoM pene, B Sky3D nonyuyaetcsa bubble B pacnpepgeneHmm npoToHOB.
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MN3MepeHo Ha akcnepumenTe ¢ 24Si
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Mutschler et al. A proton density bubble in the doubly magic
nucleus. // Nature Physics, 13 (Feb 2017). Ha pucyHke aaH pacyéT apyrum

MEeToA0M M3 3TOM CTaTbM, rae npoBeaneHO CpaBHEHUE C SKCMNEPUMEHTOM.
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OcHoBbI Ang 94epHoOM MaTepuu

Mo kHure

P. Haensel, A.Y. Potekhin, and D.G. Yakovlev (2007)

Neutron Stars. Equation of State and Structure

cTp. B NAd: 3Hepr1s Ha HYKNOH, HacbIWweHue (saturation) etc. pp. 239, 240
noteHuman Ckupma Skyrme-type interaction eq. 3.14 p. 149 n p. 231
The idea of Skyrme was to approximate the effective nuclear interaction
in nuclear matter by zero-range (contact) two-body and three-body
forces, with additional momentum-dependent terms representing the
finite range of the interaction. The numerical parameters were to be
determined from the properties of atomic nuclei. These “Skyrme forces”
played central role in the development of the many-body theory of
nuclear structure after powerful computers became available in early

1970s.
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The basic assumption which justifies a Skyrme-type effective NN interaction
(Skyrme, 1956) is that its range is small as compared with the internucleon
distances. This means, that in momentum representation the effective NN
interaction ﬁeﬂ(k, k') can be approximated by a momentum independent term
plus terms quadratic in the initial and final relative momenta of an interacting
nucleon pair, k and k’, with the appropriate spin dependence. Its standard
parametrization is




2, N 1 .
U (k,K) = to(1+aoly) + itl(l-q-leg) <k2+k/2)
tto (1 + o) (k- k) +t3(1+a3P)n), (3.14)

where P, = %(1 — 0 - 09) is the spin exchange operator. Numerical values
of the parameters to, xp, ..., -y are to be determined from fitting masses of
laboratory nuclei in ground states and low-lying excited states. In coordinate
space, the first and the last terms of Eq. (3.14) generate zero-range (contact)
component of {1 (), proportional to §(r), where r = 71 — r2. The remaining
terms contain spatial gradient operators. The basic features of the Skyrme
model of 9% (zero range plus quadratic gradient terms) represent an enormous
practical advantage.

Huxe BaXKHbIV napaMeTp acMMMeTpUn S4epHON MaTepun

N — Ny
ny

Mpu 0 = 0 - cumMmeTpus, Npu & = 1 — YNCTbIE HENTPOHL.
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Figure 5.1. Energy per nucleon versus baryon number density for symmetric nuclear matter
(6 = 0), asymmetric nuclear matter with & = 0.4 (such an asymmetry corresponds to the
neutron-drip point in a neutron star crust and to a central core of a newly born protoneutron
star), and pure neutron matter (5 = 1). Minima of the E(ny) curves are indicated by filled
dots. Dotted segments correspond to negative pressure. Calculations are performed for the SLy4
model of effective nuclear Hamiltonian, which was used to calculate the SLy EOS by Douchin
& Haensel (2001). It yields ng = 0.16 fm~* and Ey = —16.0 MeV.

3KCI'IepVIMEHTaJ'IbHOE 3Ha4YeHUE NNOTHOCTMN HACbIWEHUA ONA TAXKENbIX 40€EpP:

no = 0.16 + 0.005 fm—>




The minimum of the F(n}) curve for symmetric nuclear matter (§ = 0)
corresponds to a bound equilibrium state at zero pressure. The values of E and
nyp, at this minimum will be denoted by Ej and ng. Since P = nﬁ dE/ dny, the
dotted segment corresponds to negative pressure and is therefore not interest-
ing. The solid segment gives F(ny,) for symmetric nuclear matter compressed
to a density ny, > ng. As clear from Fig. 5.1, By = —FEj is the maximum
binding energy per nucleon in nuclear matter. The binding energy per nucleon
B(A,d) in a self-bound (i.e., bound under zero pressure) system of A nucle-
ons with a nonzero neutron excess parameter § will be smaller than By. The
value of B(A,¢) will tend to By from below, if A — 00, § — 0, and the
Coulomb forces are switched off. Simultaneously, the mean number density of
the system will tend to ng. This property, resulting from the interplay of the
short-distance repulsion and the long-distance attraction in the NN interaction,
is called saturation; By = — Ej is called the binding energy at saturation, and
ng is the saturation density.

Camoe BaxxHoe 34ecb nonyyaeTca m3

dE +PdV =0, V =1/n.
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First let us consider the case of small & and small (ny, —ng) /ng, characteristic
of terrestrial nuclei. Keeping only the quadratic terms,'! we get

K _ 2
E(ny, ) ~ Ey + Sy 62 + ?‘) (u) , (5.1)
no

UThe linear term E, d resulting from charge-symmetry breaking in NN interaction can be neglected because
of the smallness of E, (Haensel 1977)

where S and K are, respectively, the nuclear symmertry energy and incom-
pressibility at the saturation point,'?

1 (J°E 0°E
So = 3 (W) s Kog=9 (7’1% 8—2> . (5.2)
ny=ng, 6=0 iy np=ng, 6=0

The symmetry energy Sp determines the increase in the energy per nucleon due
to a small asymmetry §; the incompressibility K gives the curvature of the

21‘




B opyrmux 0603Ha4yeHmax

Sueprust cummMerpuit (as) 1 eé npousBojsble (K, Lgyy).31€ch ny — II0THOCTH

HaCBIIICHUA:
as = %%nm (1.11)
L= 3n0(%)n:7,(, (1.12)
Koym = !9713(@),@n (1.13)

3neck BMeCTo ¢ ucnonbayetcs Yy, = Z/A - uncno npoToHoB Ha GapyoH.
TyT nosensetca u napametp L.
Bcé nonyuaetcs U3 CKUPMOBCKMX NapaMeTpu3aumii:
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Dutra et al. PRC - arXiv:1202.3902

defined in terms of the energy density £ and particle number density p, is given

£ 3n 32\ i
E=—- = ( T ) PP Hs s + gop[Z(xg +2) — (20 + 1) H,)

o 10M\ 2

1< 3 (3r\* |

e Dt 2+ 2) — (g + D]+ o (T) 1% (aHly )y + by )

i=1

3 [3x2\ ¥ 1

+ o (T) po/te [M(M +2)Hsyg — ty(ay + §)H8/3]
3 /3x2\*® 1

+ o (T) p [%(15 +2)H; 3 + t5(25 + §)Hs/3] ) (1)




Dutra et al. PRC - arXiv:1202.3902

with
a = ti(r1+2) + to(x2 + 2), (2)
b = % [t2(222 4+ 1) —t1 (221 4+ 1)], and (3)
Ha(y) = 2"y + (1 —y)"], 4

where y = Z/A is the proton fraction. i includes the summation over index ¢ in the
5

third term introduced by_ﬁ&grawal et al. |51] and additional terms involving t4, x4, and 5, x5,

- HECKONbKO COTEH HaBOPOB NapaMeTpOoB TOMbKO B 3TOM cTaThe. ECTb 1
Apyrve napaMeTpusaLmm, KOTOpble B 3Ty CXEMY He YK/1a[blBaloTCA.
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Muxees C.A., Tpetbskosa T.10., 2020
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FIG. 6: (color online) Constraints on symmetry energy S, its first derivative L and Po=

Ppx(po),
all at saturation density, as derived from HIC @], PDR , @, IAS and FRDM A Pre-

dictions of the consistent Skyrme parameterizations lie all within the blue dashed rectangle. For
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BepHémca K HeWTpOHHOM Wwybe

Yxe naBHo, B pabote Nolen J. A., Schiffer J. P., Williams N. The neutron
radius of 208 Pb // Physics Letters B. — 1968. — Vol. 27, no. 1. — Pp. 1-2,
6611 NpeasioeH MeToA ONpeaeneHus paauyca pacrnpeneneHus
HeWTpoHOB B aape: “The r.m.s. (root-mean-square) radius of the neutron
distribution R,, of 2°8Pb is calculated using the experimentally
determined r.m.s. charge radius of 5.51 fm and the Coulomb
displacement energy of 18.98 MeV. An r.m.s. neutron radius larger than
the proton radius by 0.07 & 0.03 fm is obtained. ”

3[4ecb UCNonb3yeTcs 3Ha4YeHue 3apsaoBoro paguyca ang 208ro cBuHUa
R, = 5.53 dm. Haw pacuét c nomoubio Sky3D ebigan 17, = 5.4420 ¢m,
a ons HelTpoHHoro paguyca R, = 5.5968 ¢mM, 6auskoe k R, = 5.58 ™
u3 pabotbl Nolen et al. (1968). N3-3a MeHbLUero 3apaaoBoro paguyca
pasHuLa ABYX PaAMYCOB Y HAaC HECKOMbKO Bonblue:

R, — R, = 0.1548 ¢™m ansa HelTpoHHOIA “Wwybbl” (neutron skin) BmMecTo

0.07 fm.
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B 6onee HoBow pabote Abrahamyan2012PhRvL nonyuyeHo ewwé 6onbliee
3HauYeHMe pasHULbl HETPOHHOIO W 3apaaoBoro paauycos ans 2°8Pb:
“difference between the radii of the neutron and proton distributions

R, — R, = 0.337015 fm and provides the first electroweak observation
of the neutron skin which is expected in a heavy, neutron-rich nucleus.” B
npesfenax ownboK 3KCNnepuMeHTanbHas TONWMHA HEMTPOHHOWM LY6bI
COrNacyeTcs C HalWMM 3HaYeHUEM, BblgaHHbIM KogoM Sky3D.

Eweé 6onee HoBble namepeHuns PREX-2: D. Adhikari et al., Accurate
determination of the neutron skin thickness of 208 Pb through
parity-violation in electron scattering, Phys. Rev. Lett. 126, 172502
(2021), — patot Takue undpsl ans 2%%Pb. R,, = 5.800 4 0.075 fm
HeCKoNbko Bonblie Hawero R, = 5.5968 ¢m. AsTopbl nuwyT: “Combined
with our previous measurement, the extracted neutron skin thickness is
R, — R, = 0.283 £ 0.071 fm. ... The measurement accurately
constrains the density dependence of the symmetry energy of nuclear
matter near saturation density, with implications for the size and

composition of neutron stars.”
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Figure: PacnpeneneHne NNoTHOCTM NPOTOHOB U HelfTpoHoB B sape 208Pb u3
skcnepumeHTa PREX-2, — cneBa, 1 no pacuyétam Sky3D, — cnpasa. B pacuérte

nyyuwe BuaHa obonoyeyHas CTPYKTypa a4pa, KOTOpaa eaBa 3aMeTHa B

JKCNnepuUMeHTe.

TaknM 06pazoMm, TONLLMHA HEMTPOHHOM WY6bI, MoyyeHHas B PREX-2
Heckonbko bonblue, YeM aét Sky3D, Ho B npeaenax 20 BCE cornacyercs.
Cnenyet 3aMeTUTb, YTO BCE aBTOPbI TAKMX 3KCMEPUMEHTOB NOAYEPKMBALOT
MX BAXXHOCTb 471 NOHMMAHUS CTPOEHUS HEWTPOHHbIX 3BE34: Scholberg
Kate. Probing the Skin of a Lead Nucleus // Physics Online Journal. —

2021. — Vol. 14. — P. 58.
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Pineda2021 6nmxke k GW170817, uem PREX-2

GW170817
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This work
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FIG. 2. AR, as a function of L at po. The experimental
result is shown as a horizontal gray band. The solid circles
are results of Skyrme EDF and the crosses are for the CODF
calculations. The upper figure shows comparison with the
GW170817 and the PREX-2.
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1"Ne matter proton and neutron density distribution. The proton skin
thickness is 0.45 fm. The probability to find a proton at > 5 fm is about
40%. From NeffFeldmeier2008.

bonee spko BUAHO NPOTOHHYO WYbY Ha eLwé bonee NErkMX sapax.
NHTEpECHO OTMETUTS, UTO SiApo 7 Ne MMeeT 3aMeTHO Hechepuueckyto GopMy. Hatum

paC‘-IéTbI noATBEPXAaKT BCE 3TN pe3ynbraTthbl.
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BuaHo, uto pacnpepeneHue HeilTpoHOB 6osee chepuyHo, Toraa Kak
MPOTOHbI JANEKO OTKAOHAOTCA OT CMMMeTpuu. OpueHTaums oceit He
COBMAZAET C MPUHATON Ha pUC. C NPeAbIayLLei CTPaHMLbI.

17Ne

protons

-5 neutrons

PacnpeneneHne nnoTHOCTM NPOTOHOB U HEMTPOHOB B sApe 7"Ne no
pacyétam Sky3D. TonmMHa NPOTOHHOM LWYObI

AR, = 2.9941 — 2.6277 = 0.3664 dm. ‘
33




Static nucleus D01600NXE Xt 17Ne. Static nuclous 001600Nyzxt 17N

M30AMHMM NNOTHOCTM HEMTPOHOB B fape 17Ne no pacyétam Sky3D B AByX
NpoeKUmsX.

. A




M30nMHMM NNOTHOCTM NPOTOHOB B 94pe 17Ne no pacyétam Sky3D B AByX
npoeKuusXx.
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Sky3D ans Tskenbix sgep: 23°U, o61was naoTHOCTb

Static 002500ryz 238U grid 643

MnoTHOCTb B LEeHTpe 6/1M3Ka K NAOTHOCTH HacCbIWEeHUA, BUOHA

f CNNKCHYTOCTb A4pa.
A . A




Sky3D ans Tskenbix sgep: 23°U, mNoTHOCTb HEATPOHOB

Static 002500Nyz 238U grid 643




Sky3D ans Tskenbix sgep: 23°U, nNoTHOCTb NPOTOHOB

Static 002500Pyz 238U grid 643




BoiBoa: Sky3D - xopowunn Kog,
NONe3HbIM AN HAWMX
MPUIOXEHUMN.
Cnacmnbo 3a BHUMaHue!
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