OcHOBHM CBOUCTBA Ha aApaTa

Macu v pasnpocTpaHeHue Ha usotTonuTe.
EHeprusa Ha cBbp3eaHe.

Cyb6aTtomHa chnauka/2014 - 8



OCHOBHW O3HAYEHWUSA - HanomHsHe

1932 - Chadwick — oTKkpmnBa HeyTpoHa — efieKTpUYEeCKn HeyTparHa vyactuua
c Mmaca m, ~ m, (m,= 938.272 MeV, m,= 939.566 MeV, Am=1.293 MeV)

{NpOTOH, HEYTPOH}=HYKINEOH

AOPO = Z, N, A=N+Z

AX X7 AX A=N+Z AX

VA N N

238 238 238
U U=92 U 238=146+92 U

92 146 146

Z — KOHCcTaHTa — nsotonu (112Sn, 1145n,1155n,1165n,1185n,1205n) 7=50
N — KOHCTaHTa — n30ToHM (132Te, 134Xe, 135Ba, 138Ce) N = 80

Cyb6aTtomHa ¢mn3aunka/2014 - 8



AOopeHa maca 1 eHeprmsa Ha cBbp3BaHe

Z
2 2 2 g Be. ~ 10 — 100 keV ~106
R e = Tarow € = Sl © +Z< m(N,Z) = A*1000 MeV

B (N, 2y = {Zm, + Nm, - [Mypom - Zme]}c2
B((N, 2y = {Z (m,+m,) + Nm, —mA}c2

B (N, 2y = {Zm(lH) + Nm, - mA}c2

Mo aedunHuuma: 1 u (amu) = 1/12 M(*2C) unn M(*2C) =12 u

1u=1.66051024¢g m, = 1.00782503207(10) U
c2 =931.494 MeV/u m, = 1.0086649157(6) U

Cyb6atomHa m3nka/2014 - 8 3



EkcnepnMmeHTanHo onpeaensHe Ha SOpeHnTe Macu

Heobxoanma To4HOCT Ha namepsaHeTo: 1% 3a onpenensHe Ha OTHOCUTESTHOTO
pa3npocTtpaHeHne n 10-° 3a onpegensiHe Ha macaTa!

CnekTpockonua no maca

9, :
£
= qvB O mv = gBr 5
o
duntbp
qrB? Mo CKOPOCTH
m =
E NOHeH V
N3TOUHUK B_>
‘A

[pobnem: 3a AMPEKTHO N3MepBaHe e HeobXoaMMO BCUYKM NapamMeTpu Aa ce Kanubpupar ¢ TOYHOCT
10 — oTHOCUTENHM n3MepBaHNs (MeTod Ha MacoBuTe AyoneTun):

[Mpnemame m(*?C) = 12.000000 u Kannbpupame 3a maca 128
NamepBame M(CyH,,) 1 M(CyoHg) =>A = 0.09390032+0.00000012

Kanubpupame 3a maca 28 v npunarame cblata npouenypa 3a C,H, u N,
Cy6atomHa ¢n3nka/2014 - 8 m(*4N) = 14.00307396(2) 4




Pa3npocTpaHeHne Ha N30TonuTte

14p b Mass spectrograph I
— of Krypton
5 |
3100} r
S |
%‘I 60 F ﬁ +'
E - x10 T ! * |
20} 4 R i
78 80 B2 84
Mass units

86

8Ky
80Kr
82Kr
83Kr
84K
86Kr

m(Kr) = 0.00356 m(”8Kr) + 0.0227 m(8°Kr)+ .....

Cyb6aTtomHa ¢mn3aunka/2014 - 8

0.356%
2.27%
11.6%
11.5%
57.0%
17.3%

=83.8 u



EHeprmueH 6anaHc npu aapeHn peakumm

X+X—>Y+y

m(x)c +m(X)c®> + T(x) =m(¥Y)c® +m(y)c® + T(Y) + T (y)
2
Q= [m(x)+m(X) —-m(Y) - m(y) ]c

1H+14N _)12N+3H
m ('H) = 1.007825u m (**N) = 14.003074 u m (°H) = 3.016049
Q = -22.1355 (10)

m (**N) = 12.018613 (1)

Cyb6atomHa m3nka/2014 - 8 6



MeToa Ha LUMKNOTpOHHAaTa YecToTa

:qu _—= ) = —

LMKNOTPOHHA 4YeCTOTa

w Bqg
f = — =
© 2 7T 27Tm
frp = (n+%) £ N (fzr)
q
fc(;)

* AMPEKTHO U3MepBaHe Ha 3apsija Ha perncTpupaHust NoH (MOHN3aLNMOHHN
Kamepu, Si 4eTEKTOPU NN TENECKONW);

* I3MepBaHe Ha GrM3KM N0 Macu NOHU, HAMMpPALLW Ce B €4HO U CbLUO 3apsa0BO
cbCTOsIHUME: 0%, n 325+ ;

Cyb6atomHa ¢un3mka/2014 - 8



EHeprm'-l Ha CBbp3BaHe

m(;Xy) = [Zm ('H) + Nm, - —B(N z)]| 2

c2

= (Zm(H) + Nm, —m(zXN))c

EHepreTnyHmna octaTbk/M3NuULIbLK OT 0O0pasyBaHETO Ha SAPEHA CBbp3aHa cuctema

Average binding energy per nucleon (MeV)
I

1 B/A ~ const =
=8.0(8) MeV

flnpeHo neneHe B~A

Han-bnusku cbceam

3 3
I
2 D+D—3He+n
CnuBaHe
1
ot
0 30 60 90 120 150 180 210 240 270

Cyb6aTtomHa ¢mn3aunka/2014 - 8

Number of nucleons in nucleus
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AppeHn cmnn n agpeH MHoro4acTuyeH
npoonem

light nuclei

. =
*

nucleon

and heavy nuclei

Cyb6aTtomHa ¢mn3aunka/2014 - 8
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OCHOBHM CBOUCTBA Ha AOPEHUTE CUNU

* KbCOOENCTBME M HAcULlaHe - Ha KbCU pa3cTosHma (10-1°m) no-
cunHa ot KynoHoBaTa cuna, HO npeHebpexumo crnaba Ha

Pa3CTOAHNSA Mo-rone E‘JZH EIICLI
29 2930 _
e U30bMpaTeNnHoOCT - [ YTPOHUTE;
[l Ml
* 3apsi0Ba He3aBU( T I f?_,; MPOTOHUTE U
HEeyTpoHWUTE ca npost & T mw,, 3 -HYKIIEOH;
i im & [B5
* CMIMHOBA 3aBUCUMC T T opueHTauus
Ha CMWHOBETE Ha Hyl B

CbpLEeBNHA HaA MHOI(

* MMa TEH30pHa (He

T - md i
* NPeaUMHO anBr 3 , Tl >16nbekBalua
(Bl \ 3 L) ngir @ 1%
B

Fllllll_gll-l
I

I

|

I

IZ—E

r3
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[eyTtepoH — ?H
* eHeprms Ha cBbp3BaHe

m (Cg Hj2) - m (Cg Dg) = 9.289710 (24) x10 > u

m (°H) = 2.014101789 (21) u B=[m (*H) + m (n) - m (*H)] c? = 2.22463 (4) MeV
m (CgD12) - m (Cg Dg) = 84.610626 (90) x10 > u

m (H) = 2.014101771 (15) u

AppeHun peakuum: (B/A) ~ 8 MeV B/A(D) ~ 1.1 MeV

IH+n—2H+y Ey=2224589(2) MeV y+2H —1H+n E g, =2.224(2) MeV

n® d?u
- + V(r)u(r) = Eu (r)
2m dr?
E A r _ _ /
0 r=R R =0 ¥(xr) =u(xr)/rx Lt
u (r) = A.Sin (k; r) 5|
k1=V2m(E+Vo)/ﬁ2 sl
u (r) = C. e k2* al
ko =V -2mE/n? (E <0) 2
k]_.COt (k]_ R) = —k2 ’%; °f
______ ?%’ 1
Vo e NESUUNDY SR SUNDY S
a=k; R P = 2 mv, R?/ A° T o

Cy6atombd chwinb/ion4 -8 =  V, ~ 35 MeV 13



CnuH, yeTHocT u EM momeHTHn Ha 2H

I=§p+ §n+l Iﬂexp:1+
[leyTpoHBbT ChlUecTByBa caMo B
CANH-TPUMNETHN CbCTOAHMUSA!
Intrinsic Shape of the Deuteron U

HyKkneoH-HyKneoHHOTO B3anMoaencTeane
3aBWCKU OT OTHOCUTESNHAaTa
OpueHTauma Ha CnNUHOBETE

MarduteH MOMeHT
|=0: Uy
H = Hp + Hp = T (Gsn _gsp) = 0.879804 uy
Hexp = 0.8574376 (4) py
Y =asy(1=0) + ag¥ (1 =2)

a’=0.96, ass= 0.04

KBagpynorneH MOMEHT

Qexp = 2.88(2) mb
« AnpeHaTta cuna 3aBuUCK OT OTHOCUTENHATA OPUEHTaLMS Ha BbTPELLHMS CMUH CPSIMO OCTa,
CBbp3Balla [ABaTa HykIleoHa — TEeH30pHa KOMMOHEHTA;
* [1POTOH-HEYTPOHHOTO B3aMMOAENCTBME MHAYLUMpPa HechepryHo pasnpeneneHne Ha aapeHoTo

BeLlecTBo!
Cy6aTtomHa cm3uka/2014 - 8 14




[TpnHUKMN Ha [Maynn

[1Ba npoToHa(HeyTpoHa) He moraT [ga ce HamupaT B €4HO M CblUO NPOCTPaHCTBEHO-CMMHOBO
CbCTOSIHME, T.e. BbHOBaTa (PYHKUMSA Ha c-mata TpssibBa Aa e HanbfHO aHTUCUMMETPUYHA Mo

OTHOLWIEHME pasMsaHata Ha MpPOCTPaAHCTBEHO-CNUHOBUTE KoopguMHaTM Ha KoM pJa e [Ba
NpoTOHa(HEeyTPoHaA) .

T (1,2) = ¢ (T, ) x (s, s
P, ¥ (T1, T,) = ¥ (T, T1)
P, Y (T=%,-%,) = sty (-X) = P, ¥ (r,O6,9¢) = (-1) "¢ (r, 6, ¢)

A~AS
P, X(S(l), s(2)) = +x (5(2), s(1))

= (1 - (2
S = S( ) + S( ) S2 x(s(z), s(l)) = S(S+1)x(s(2), s(l))
S

z(1) + Sz(2) Sz x (s(z) , s(1)) = Sy x (s(z), s(1))

1 (1) (2) (1) (2)
- [sl/2 1/2 S1/2-1/2 ~ S1/2-1/2 S1/21/2 <~ CUHITIEeT
4/ 2

3
]

(1) (2) (1) (2) ]\

1
e (s(z) s(l)) _ { X10 N3 [51/21/2 S1/2-1/2 * S1/2-1/2 S1/21/2
z Y -

(1) (2) «—
X1+1 = S1/21/28S1/21/2 - < Tpunnet
(@ (2)
X1-1 = S31,2-1/281/2-1/2 w
~s ~s S S+1
P12 Xoo = = Xoo Pio X155 = + Xisg Pis Xss, = (-1) Xss,

AX AS
l+s+1
Cyb6atomHa m3nka/2014 - 8 P12 P12 - ( -1 ) = -1 15




3apsagoBa HE3aBUCUMOCT/CUMETPUS

3apsaoBa HE3aBUCMMOCT - MO OTHOLLEHME Ha SSAPEHOTO B3auMOAENCTBUE p-p, N-N 1 p-n

B3aMMOOENCTBUSA Ca EKBUBANEHTHM,

3apsaoBa CUMETPUSI — N0 OTHOLLEHME Ha AOPEHOTO B3anMoOencTemne P-P 1 N-n

B3aMMOOENCTBUSA Ca EKBUBANEHTHM,

OrnenanHu anpa (Z,=N,, N;=Z, — paBeH 6pou p-n E,ph?a‘;ﬁr

MeVv/ Me\/ e e
-:T' 4 ~ fﬂ'ﬂ ¥ 7t J
Hfz 3;’3 = r||-|II' i Iﬁ.-’-.-' ‘I!;'_'H'-
ansr ui’ i e ;J'nl: ST
r4) _ 72 A\ - ;’:1. .
’ 5 .I'E E ;],flf = Wl |
B, 5 i _ . s | [armis]
_ 5/2 —_—b 5 !,r_? - . L ».!{’
[ I _ s .Be L. J'r
r '?},-"E L] ?‘-’ll..:_'.}_ _':r .l-l-l'ln i |
..l .
0, '+ 8 - 9. oy P wl o
/e~ 643 /2~ Py
TIITII7 LT T TS 32T - wr 1w
M3060p 20079A u 20080H9 20081Tl 20082Pb 20083 Bl 20084P0
B [MeV] 1579.7 1581.4 1578.8 1576.9 1533.9 1566.2

Cy6atomHa cusmnka/2014 - BAE = AU, - Amy
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N3ocnuH

1932 — Heisenberg: NnpoTOHBLT 1 HEYTPOHBT MPeACTaBNaBaT ABe CbCTOSAHUSA Ha edHa U Cblua
YacTuua — HyKneoH! « 3apsgoBa MHBAPUAHTHOCT —> KBAHTOBO YUCIIO — N3OTOMUYEH CMUH (M30CMNH)

T =1/2 T, = 1/2 Typ = -1/2
(1 _ (0 ~ 1,01, 1,0 -2y, 1 /1 0
4"‘_(0) Up = (1) T={E(1 o)’Z(jl o)’E(o -1)}
~2 2 2 2 _ 310 ~2 3
T - Tx + Ty + Tz - Z(O 1) = T llfn,p = Zd’n,p = T(T+1) !Ifn,p
Ty = ZA:Ti = i (N-2) T = i%i
i=1 2 i=1

[1BYHYKITOHHA cucTema

o= (3), (2), e = (), (0), = (9), 00),

1 /1 o0, 1 1 1 1 0 1 1 1
Tz Yon = E[(o —1) (o)1 (0)2+ (o)1 (o —1) (0)2] = 7 Yon + Ewnn =¥ Tz = - ¥
T2 Yon = Tx[Tx ¥onl + Ty [Ty Yonl + Tz[Tz ¥nn] = 2 Ymn T2 lljpp =2 llfpp T=1
1 ~t

ﬁt d,- _ w l!b'np = (wp wn + wn wp) T=1, T, =0 P12 !IITTZ = (—1)T+1

12 ¥Ypp — ¥pp \[E
ﬁt v = U L O606LeH npuHunn Ha lNaynum

12 - AT A -~

nn nn wnp = __ (llfp wn —llfn wp) T = 0, TZ =0 P12 P:z P;Z — (_1)l+S+t - _1

\E 17

CybaToMHa (pU3nKa/cy 1 -



N30TONNYHU MyNTUNNETU

[1BYHYKINOHHA cucTema

‘ , ‘ ? _$ ? =0, S=0 T=1

&1 =0,S=1 |T=0

T, +1 nn 0 pn -1 pp=?He
3a pasnu4Hn HYKNoHu (p-n) A4peHOTO B3auMoOenCTBME € NO-CUITHO B CbCTOoAHMATa Cbe T=T ;!

TPUHYKIOHHA cucTtema

T=1/2,3/2

1o, 'S S 3 !
e dg—  d—e— o

1S, —‘—,—‘— —‘—’—‘— T=1/2

T, 3/2 1/2 -1/2 -3/2

nnn 3H SHe SLj
Cy6aTtomHa ¢m3nka/2014 - 8 18
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N3oTonn4YHN MynTUNNETU

- |
.55 33,47
- 3z 2a
ﬂsb‘l"j:nﬂ_e+an e
——;Tg - Mhw+n 155 al'lsf/ -
T Y. - S o £3-11 20,20
4084 | 1T T/ == -——- oa 4 adhd ok
[eezay o [P ¥ B BB it e
g% o —-—- —LE-928 .o 7a Tz -1 LT -7 Y- =i
'“Be =\ ’ﬁvv—f:I'T;%g—__"_'lz.sn____r. [T = ... | ke
) iLas "y - - PEE mmmme e S Y S  zse p—
_______ FL - [ 1. A87 Tr2
.."n\ o oa DEa———— -  — 25,35 —] *bs - T 1.0 o = g 120
L ! 25 |ace B
e [Raj T 9-1=) -2 e
."n. wiva (o7 e m— *e g Ytric
k u p—— PR R Boag————— ——
B i 845
o8 :-Ol:lr
prs TR e
5.5 it i
I gy 1 &AD
5 VBl Dbl 1351
i - 535~ ;o
: e - :‘_r 414
- e & T2a | byt o,
—are_(338R - —— o LTI <
apx BF2 . wt| - e A
i LY =
LET2T 2~ LED, =
I P —fO2E0 P = [ X 1v] ]
[15.21] ped I P | pane
lEB T — ] e
N

T-aq L]

4
F.Ajzenberg-Selove, Nucl. Phys. A 506, 1 (1990)¥
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XapaKTepUCTUKN Ha AOPEHNTE CUNU

1) [1BYHYKIIEOHMAT NoTeHUuMarn e npmennyaiy n LeHTparneH
EkcnepyMeHTanHu gokasatencrea - AobpoTo BL3NPOM3BOACTBO HA AaHHUTE
OT HUCKO-EHEepreTM4yHo pascerMBaHe C TMnpaBObrb/IHA MOTEHUMaNHa samMa W
HabniogaBaHUTe MOSNOXUTENHU (as3oBM OTMeCTBaHUA J,. EkcnepumeHTanHo
doopmata Ha noteHuuana ce onpegens ot 3asmcnmoctTta o(E).

Ve(r)
2) ﬂ,ByHyKﬂeOHI/IFIT noTteHunasn 3aBmMcn OT OTHOCUTEIHATa opneHTaund Ha CrimMHOBETE
EkcnepumMmeHTanHn [dokasaTtefictBa — Jurncarta Ha CBbp3aHO CHHITIETHO

CbCTOSAHUA B 2H, pasnukuTe B eKCrnepuMeHTanHuTe napameTpu Ha pasceiiBaHe 3a
TPUNNETHO U CUHIMEHTHO CbCTOSAHUS:

+ 3anasgaHe Ha YeTHoCTTa (¥ — - ¥ ) 1 cMeTpuaTa cnpsiMg BoeMeoGobLUaHe (t—-t)

A =
IIs = 2 2 - -
A_s, s_, — {_S)l , Sz, 31,32} , S= 81 + S,
TS = -S 1§ = -S).-S) =(-S)1 + -S)o\.(-s)l +-S)2) = -8)12 + -S)22 + 2-5)1.-3)1
- - 2 2 2
S1.S = — (S" - 81" -857)
Tpunner - S=1 2 cuHrnet - S=0
1 1 (1 1 (1 1 > - 3 ,
> >
S;.S = —[1(1+1 ——{—+1]——{—+1] An? = — B2 S1.8 = -—h
(81-52) 2[( e A B )] 4 (31-52) 4
- -
(51-52 1\ (Sl Sy 3\
V(r) = - 5 - = | Vi (x) + | 5 + — | V3 (x)
\ h 4} \ yal 4)

Cy6aTtomHa hU3nKaIZu14 - 8 20



XapaKTepUCTUKN Ha AOPEHNTE CUNNK

3) [BYHYKNEOHUAT NOTEHUMAN UMa He-LeHTparneH (TEH30peH) YneH
EkcnepumMmeHTanHu gokasaTtencrBa — BbfiHOBaTa (OyHKUUS HA OCHOBHOTO CbCTOSIHUSA
Ha 2H e cmec oT s-ckeTogaHme (I1=0) u d-cbeTogaHue (I=2), KoeTo ce Buxga ot
CTOMHOCTUTE Ha MarHUTHUS 1 KBaAPYNONHUS MOMEHT Ha °H —

{-8)1,2'21 -S)1,2 Xi')} {(_S)l.;) (_S)z.;.‘)), (_S)]_X;.‘)).(_S)ZX;.‘))} VT (r) Slz

0l

- > -
3 (51.7) (s2.7)
> o
S]_2= - S1.85
r2

4) ,U,ByHyKJ'IeOHI/IFI noTeHunarsn e 3ap4A4oBo CMMETPUNYHEH

EkcnepumeHTanHu  gokasatenciBa — Bb30yAeHUTE  CbCTOSIHMA  Ha
orneganHuTe aapa, HUCKO EHEPreTUYHO pascemBaHe Ha pp 1 nn
KyrnoHoBa
an,=-7.82(1) fm ap,=-17.1(2) fm a = -16.6(5) fm
Fopp= 2-79(2) fm r DEKLMS Fopp= 2-84(03) fm lonn= 2.66(15) fm

5) [IBYHYKIEOHUAT noTeHuman e 3apsgoBO He3aBUCUM

EkcnepuMeHTanHW JokKasaTencrBa — CBOWCTBA Ha M300apHUTE aHanoroswu
CbCTOSIHUSA U PE30HAHCU, BUCOKO-EHEPreTUYHO N-p pasceriBaHe

a.= -23.715(15) fm Markn pasnuku B noteHuuanumre
los= 2.73(3) fm

Cyb6aTtomHa chnauka/2014 - 8
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XapaKTepUCTUKN Ha AOPEHNTE CUNU

6) [BYHYKNEOHNAT NnoTeHumMan nma oTbnbckealla CbpLUeBMHa
EkcnepumMmeHTanHu _gokasaTtenictea — rMpU BUCOKO-EHEPreTUYHO HYKMEOH-
HYKNeoHHO pa3scemBaHe (E > 300 MeV) ce HabniogaBat rofieMn OTpUUATENHU
dpa3oBM OTMECTBaHUS — Ha pascTosiHus ~0.4 fm HYKNEeOHUTE M3NUTBAT rofieMu
CUNKn Ha OoTONbCKBaHe.

V(n)1

»

V(A

0.4 fm 2fm

_VO _VO

7) OBYHYKITEOHUAT NMoTeHUuan 3aBuUcu OT OTHOCUTENHATa CKOPOCT (MMMYIC) Ha
HYKITEOHUTE (HEe-NOKaneH 4neH)

- —
CMUH-opOuUTaneH YneH  v_, (r) 1.S <— Vnon—local (I’)(r X p)S

—_

BTOPU NOPSabK |2

Cy6aTtomHa ¢m3nka/2014 - 8 22



OPEP (noteHuuan Ha egHONMOHEH OOMEH)

1935 - Yukawa
2 2y 3 2
gn (my C%) 3R 3R

\4 (r) = il il [_S)l ._S)z + 812 |(1 + —
3 (Mc?)? A2 \ r r2

R=5%//m;c =1.5fm
TToteHumnan Ha Hamada-Johnston(1962)

> >
V = Ve () + Vp () S12 + V5 (r) 1.S + Vi (r) Ly

)17 -~ [(3D) (30) ¢ (3.0) (B1)]

—r/R

)
/]

r /R

Ve (r) =vo (31.7 32) Y (x) [1+ac Y (x) +be Y2 (x)]
Vr (r) = v ('c’l.'c’z (8:.82) Z (x) [1+a: Y (x) +b; ¥Y? (x)] oo = 3.65 Mev
Vis (£) = Gus Vo ¥° (%) [L+bus ¥ (x)] ‘- r/1.43fm
Z (x) '

Viw (£) = g Vo ———[1+au ¥ (%) +bu ¥ (x)]

e™* 3 3

Y (x) = Z (x) = {1+ —+—].Y(x)
x \ x x2)
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