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Abstract

We have studied the change of N=14 shell gap in the neutron rich nitrogen isotopes 2°~>N by in-beam
gamma-ray spectroscopy of the radioactive beams at intermediate energies. For neutron-rich nuclei, many
unique features, such as disappearnace of magic numbers and appearance of new magic numbers, are reported
by theoretical and experimental studies. For instance, for 220, the evolution of N=14 shell gap was confirmed
from the high excitation energy of the first 2* state. On the other hand, the weakened N=14 shell gap was
reported for the isotone 2°C as the first 2* energy is not as high as that of 2>0. In order to understand the
change of N=14 shell gap , we investigated the low-lying excited states of >!N , which is located between >0
and 2°C, and its neighboring nuclei 22’N.

In the experiment, secondary beams of 21:*>’N were produced at the radioactive beam line RIPS at RIKEN,
and bombarded the Liquid hydrogen target. The excited states of 2°=22N were produced by proton inelastic
scattering, and one or two-neutron removal reaction. The gamma-rays from the excited 2°~2>N were observed
by the 48 Nal scintillator array(DALI) surrounding the reaction target.

In this experiment, several y-ray transitions from excited 2°N and 2!N were observed , which were used to
extract the level scheme of these nuclei. For 2°N, the spin and parity of the three excited states were identified
by the difference of the cross section between one-neutron removal from 2!N and two-neutron removal from
22N for the first time. For !N , the new gamma-ray transition with E,=815eV was observed from proton
inelastic scattering of >N and the first and second excited states were identified by comparing the data with
the DWBA calculation. The three new weak peaks from 22N were observed, but due to the lack of the number
of events , clear conclusions on the transitions were not drawn. Comparing N=14 shell gap of 2°~2?N with
isotones, the change of N=14 shell gap from O-C isotones are discussed in order to understand the interactions
among orbits.
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2.3.4 Parallel Plate Avalanche Counter(F1PPAC,F2PPAC)
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2.5 y 00000 (DALD)

y OOoooo DALIDOODUOODOODOO0ODLO0O0OO 4800 Na(THhOOOODOOoDOOoOoOoD
ooboogo2o0000000oboo0edlbO0 200000000 DOOUUODOOODOOODOO
0000000 66x66x150mm’ 0000000000 4800 NalOOODODODODODDODODODODODOO

goooooobbobbbotbody ooooooo
y
Q) —xE—4
X

Nal /4 \—

Scintillator

ZRIZRY ZRER

0 29:DALIODOO0OO0OO0OODOO0O0ODOO0O0OOO00O0O0DO

b NalOOOooobobooboooobooboboobuoboobuooboboobg
g200000o0oboooooboobooboooboobooboobU0 z000bboOoboDOoybbOOO
oo xbgooob @oo)ooboobob 120bobooboooboi140b0o0bbon
gbobodgbooobogboooon

O | ID | x[mm] | y[mm] | z[mm]
01 | 169.0 | 175.0 | -173.0
02 | 199.0 | 105.0 | -173.0
03 | 219.0 350 | -173.0
04 | 219.0 | -35.0 | -173.0
05 | 199.0 | -105.0 | -173.0
1 |06 | 169.0 | -175.0 | -173.0
07 | -169.0 | -175.0 | -173.0
08 | -199.0 | -105.0 | -173.0
09 | -219.0 | -35.0 | -173.0
10 | -219.0 | 35.0 | -173.0
11 | -199.0 | 105.0 | -173.0
12 | -169.0 | 175.0 | -173.0
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ID | x[mm] | y[mm] | z[mm)]
13 | 169.0 | 175.0 | -101.0
14 | 199.0 | 105.0 | -101.0
151 219.0 | 35.0 -101.0
16 | 219.0 | -35.0 -101.0
17 | 199.0 | -105.0 | -101.0
18 | 169.0 | -175.0 | -101.0
19 | -169.0 | -175.0 | -101.0
20 | -199.0 | -105.0 | -101.0
21 | -219.0 | -35.0 -101.0
22 | -219.0 | 35.0 -101.0
23 | -199.0 | 105.0 | -101.0
24 | -169.0 | 175.0 | -101.0
25 1169.0 | 175.0 | -29.0
26 | 199.0 | 105.0 | -29.0
27 1 219.0 | 35.0 -29.0
28 | 219.0 | -35.0 -29.0
29 | 199.0 | -105.0 | -29.0
30 | 169.0 | -175.0 | -29.0
31 | -169.0 | -175.0 | -29.0
32 | -199.0 | -105.0 | -29.0
33 | -219.0 | -35.0 -29.0
34 | -219.0 | 35.0 -29.0
35| -199.0 | 105.0 | -29.0
36 | -169.0 | 175.0 | -29.0
37 |1 169.0 | 175.0 | 43.0
38 | 199.0 | 105.0 | 43.0
39 | 219.0 | 35.0 43.0
40 | 219.0 | -35.0 43.0
41 | 199.0 | -105.0 | 43.0
42 | 169.0 | -175.0 | 43.0
43 | -169.0 | -175.0 | 43.0
44 | -199.0 | -105.0 | 43.0
45 | -219.0 | -35.0 43.0
46 | -219.0 | 35.0 43.0
47 | -199.0 | 105.0 | 43.0
48 | -169.0 | 175.0 | 43.0
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gbobobobobooboboobobobooboooo

52
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137 60Co 2Na
00000 [keV] | 662 1173 | 1333 511 1275
Exp. O 49658 | 14404 | 11543 | 38795 | 7106
GEANT4 [ 41158 | 16909 | 13657 | 46633 | 9268
Exp/GEANT4 1.206 | 0.852 | 0.845 | 0.832 | 0.767

0312:000000000000000000000000000000000000000000
O000000Y¥ecsOoOoOooo0o0ooo0000000000000oo000ooo0oooooooog
00%Co,X2Na0 0000000000000 00000O000oooooon

GEANTADDOOODOOOODODOOO0ODLDOOO0ODODbOOoO0oDObObOOo0ooobobooobbOoon
gbooboboboboobooboob 2300000000000 0boobogbooogng
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3.7 0000 (Efficiency)

oo0odobooboboboooboooboooboooboooobooo34ouonooooooboonog
0000000000000 00dooooinoOoDOO0 eqpd
Npeak

o = 3.16
P NS()urce - Livetime ( )

OO00000N,«0OO0O0D0O0O0O0O0O0O0O0000000ONweDOOOOOO0O0O0O0y OOOOO
Livetime O DALIO Livetme D000 O0O0000)000000D0O00O0ODOOO0OOOODOODOO
0000000000000 D0D0D0DD 10°0000000000000000000000000O0
gboooooooobooooooobobobooos3googbobooooboboboooog
0314000000

00 137¢g 0Co 22Na
ooooo 662 | 1173 | 1333 | 511 | 1257
OO00d (Exp.) | 13.15] 998 | 9.23 | 16.3 | 9.68

0313:00000000000

ooood 200 500 700 900 | 1100 | 1300 | 1400 | 1800 | 2000 | 2500
0000 (GEANT4) | 18.69 | 14.82 | 12.29 | 10.86 | 10.24 | 9.16 | 8.46 | 7.17 | 6.70 | 5.67

0314:00000000000000000

Efficiency[%]

0 1 1 1 1 1
0 500 1000 1500 2000 2500

Energy[keV]

o34 0oobobobobooooobtdy 0bboboooobobDoboboobobDoobOoD o
U000 GEANT4O O DODOO0O0OO0DOO00O00bO0obO00oo0oboooooooboooooobonog
gbobogboobbooboobobodoboo
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38 UOOOoO

0000000 22NOy 0O0O00000003.170000000000000000000000
00000000000000000000

(LiveT ime)peam Atgt N, 1
oy =

— (3.17)
Npeam Nax (LiveT ime), €ypcerpc

Npearn OO0 O O0OO00O0O0000O00O0OON, Oy 0000000O0x000000=0.161g/em?00
googo NA:6.02x1023DA,g,D Imol 000000000 =1.008g/mol 00 0 Ueypcrpcd MDC,FDC
oobooO0ddoN,dGEANT40000000000000000000DOO00O00O0DOOO0O0
gbooooo

g3isbboobobobobooboobon

ooooao Nbeam LiveTime;,eam LiveTimey EMDC EFDC
2N 5601396 0.972 0.9386 | 0.993 | 0.945
2N 762720 0.985 0.9880 | 0.994 | 0.952

031500000222N000o0o0o0o0o0o0f

O00000000o0oo0?NOooooooo03.1802N000000003.190000000

e 2INODDDODODOO
oy =2.04 x 107 x N,[mbarn] (3.18)

e 2NOODODDODO
oy = 1.43 X 1072 X N,[mbarn] (3.19)
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3.9

GEANT40 D OO0ODOOO0OO
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U000ob0bo0obobobo0obouo0b0ooboool’em’ DO0ODO (Center of Mass System)U *lab’ [
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,80141 _ﬁin 74 ﬁ()ut +,8in
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ﬁ Zout - Zi 2

(3.20)

coboodooodo g,0bbod0 sx3%20 00000000y 000000000 00000O00
oooon

. 0321,322000000000000400000000000000 lab00000 (P4l plad)

000003.2200 yO y-factor 1 00 0

lab _
Plb = per (3.21)
Pl = yP! + ByE™" (3.22)
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21N —>20N
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350 |t X,Q,/Nf ,,,,,,,, 1890 / 130

i | | PL 0.7337E-02 +  0.1180E-02
B P2 0.3538E-01 +  :0.1576E-02
i P3 5532+  0.6639E-01
00 [ P4 -0.1912E-02 +  0.5311E-04-

T T s R

200

150

100

T N

0 500 1000 1500 2000 2500 3000

HH sstagyaam| D= 2462
Eg counts/20keV 0-3MeV Tgate

g357.0000000000000Db0b0O00b0obDb000bO00 GEANTAOODODOOOoDOoo
goboooobooboobooobooboboobooO0oby 0booobOoO0oOooobDoO (300-3000keV)
obobooobooooogad

61



22N —>20N

60 : ] 20 i
50 , 1 »
ol n
w0 |- 1 5 -
20 :7 B 10 L
o[ L s L
0 L IL\ T 0 L
0 500 1000 1500 2000 2500 3000 0 1000 1500 2000 X 2500 3000
HistogramID = 3189 HistogramID = 3329
Eg counts/30keV 0-3MeV Tgate Eg M=1 counts/30keV 0-3MeV Tgate
0358: N0y 000000 0 3.59: 2N 0 Multuiplicity=1 000000
w [

25

20

15

10

O\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

500 1000 1500 2000

2500 3000
HistogramID = 3191
Egsum counts/30keV 0-3MeV Tgate

0 3.60: °NO SumO0 00000

62



B Xz/ndf 97.79 I 77 ‘
N PL 0.1077E-02 +  '0.3975E-03
60 | P2 0.1910E-02 & 0.4735E-03
L P3 0.9886E-03 +  0.4051E-03
B P4 349% + 02432

: : P5 -0.1437E-02 +  0.1699E-03
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oo 00000 [keV] | DOO0ODO [13] | 00O [mbarn] 00
601(5) 615(18) 3.1+0.72 Multiplicity=1 0 0 0 0 O
2INS20N 842(3) 844(18) 15.1+£3.5 Multiplicity=1 00 0 0 O
(1082(11)) 1052(29) — —
601(10) 615(18) 3.3+0.75 Multiplicity=1 0 0 0 0 O
842(7) 844(18) 5.8+1.3 Multiplicity=1 0 0 0 0 O
22N20N 1330(10) 1336(23) 3.0+0.69 Multiplicity=1 00 0 00
2177(14) 2100(26) — SumO00000

031600000 N0y 0000000000

64



3101 NOyOoooOooO
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| x'/ndf 177.3 | 126 |
190 | PL_ 0.3020E-02 +  0.7546E-03
| | | P2 0.9671E-02 =  :0.8721E-03
| P3 0.1888E-02 +  0.5001E-03
. | | P4 4620+  0.9400E-01
100 gl P5 -0.1923E-02 +  0.9663E-04.
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2NODOoOoOoOooooooooooo
2IND 1167[keV]0 000y 0000000000000 O00DOOOOOOODWBA(Distorted Wave
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3102 “NOy OoooooO
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yy00O0O0OO0OO0OO0O0OO0OO0O0O00O0O0O0000 ®2NOyO000000003.1800000000000
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oo 000 000 00000 [13] 0o
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040 0OO0O0O0O40

0000000000y 000000000000 00DWBAOOOOODOOOOOODOOOOOO
0000000000000 2N00000000000000000000000 N=140000
0000000000000 00000O0ooooooon

41 NOOOODO

NOOODODOOOOy ODOOOOODE,0000000041000000000%®NODOOOC
PSDWBTOOOODODOOOOOO0ODDOOO OXBASH[26) D 00000004200 00000 psdO
gooooo

INOyOO?NOOOODOOODOO0ODOO0O0D0O00O000®NODOOODOOOOO0OO00000
00000002 NO2NOO000O00D0000000000000000000000 NOOOO
00000000000000000000

00 E,[keV] |000O00 [13]1| 000 [mbarn]

601(5) 615(18) 3.1+0.72

2INSON | 842(3) 844(18) 15.1+£3.5
(1082(11)) 1052(29) —
601(10) 615(18) 3.3+0.75
842(7) 844(18) 5.8+1.3

2N-2N | 1330(10) 1336(23) 3.0+0.69
2177(14) 2100(26) —

041:00000®N0Oy000O0O0O0OE, 000000

Energyl[keV] | J© 0 O Configration

0 2- w12 X W(ds/2)>(s172)°(61.39%) , wp1/2 X v(ds/2)3(s12)*(11.65%)
584 0~ | w12 X W(ds2)*(s1/2)' (75.64%) , wp1 /2 X v(ds;2)(s1/2)'(d372)" (10.56%)
931 3" mp1j2 X W(ds2)°(s1/2)°(61.49%) , 12 X v(dsj2) (s1/2)*(16.35%)
1140 17 | 7pij2 X v(ds2)*(s1/2)'(73.98%) , mp1j2 X v(ds2)*(s1/2)' (d3/2)! (8.17%)
1535 1~ mpiy2 X v(ds2)4(s1/2)'(51.40%) , p1 2 X ¥(ds2)*(s1/2)*(27.10%)
1620 | 27| apij2 X v(ds)2)*(51/2) (48.92%) . 7pi 2 X v(ds ) (512)%(25.34%)
2017 2- w12 X W(dsj2)>(s12)*(38.71%) , wp1j2 X v(ds2)*(s12)' (32.44%)

042:N000000000000000000O0O0O0OOOOOO0000000000000
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42 2INOOO

2NOODOODOOy 000000 E,0000000043000002NO0O0 PSDWBTOOOO
000000000000 OXBASHOOODODODODOD440000000000000000000O0O
U0O0000D000 DWBA (Distorted Wave Born Approximation) O 0 00 OO0 04.300 00 DWBA DO O
000000000000 PSDWBTOOOOOOODOODOOODOOOOOOODOOD KDO2&nbsp
00000000000000000000000000000000000M3YOOOO0000O
00 [27]0

2INOy 00 NOODDOOOO0O0D0O0O0O02NOOOO0O0O000000000000000000
0000000000000y 0000000000000 000000DWBADOOOOOOOO
00000000000000000000000000000000000000000000

oo yO0OOOOO [keV] | 00000 [13] | 00O [mbarn]

(365(10)) — —
(558(16)) — —
815(19) — 1.24+0.28

2INS2IN 1167(8) 1159(29) 3.95+0.91
(1739(8)) 1790(28) —
(1981(6)) — —
2468(2) 2438(33) 0.77+0.18

LN-2IN 1172(5) 1159(29) 24.5+5.6
2186(18) 2143(33) 8.7+2.0

043:000002%2NOy 0000000000

EnergylkeV] | J* O O Configration
0 1/27 mp1/2 X W(ds2)8(s1/2)°(53.09%) p1 /2 X v(dsj2)*(s1/2)%(23.51%)
1860 3/2° mp1/2 X v(ds;2)>(s12)1 (42.36%) 7p1 2 X v(ds2)*(s1/2)3(12.07%)
2776 5/2_ p1/2 X V(d5/2)5(81/2)1(57.90%) p1/2 X V(d5/2)4(81/2)2(1 1.73%)
3546 1/2 12 X W(ds;2)*(s1/2)*(47.90%) 7p1 2 X v(ds;2)8(51/2)°(31.86%)
3785 5/27 | wpi2 X v(ds)2)>(s1/2)'(70.85%) mpi1y2 X v(dsy2)*(s1/2) (d3/2)' (13.58%)
4698 7/2_ Tp1/2 X V(d5/2)4(81/2)2(52.91%) p3/2 X V(d5/2)5(81/2)1(10.80%)
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6.2 OPTRACE
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OPTRACEO D DOUOODOO620000
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63 NalDDOUOODOOOOODOOOO

DALIDOOOOOO0DOOO0ODOOO0OO0DOO00o0obOooboboooboobooooboobooooo

EnergylkeV] = a; + ay[ch]

0O | ID aj a 0 | ID aj a
01 | -281.33952 | 1.38702 25 | -289.80249 | 1.71976
02 | -255.2074 | 1.48692 26 | -379.81139 | 1.74898
03 | -267.91654 | 1.49852 27 | -227.139 1.73258
04 | -276.69897 | 1.64823 28 | -561.32203 | 2.04667
05 | -260.84659 | 1.43542 29 | -190.29601 | 1.65612

1 | 06 | -244.98475 | 1.55535 3 | 30 | -335.40123 | 1.83348
07 | -134.51692 | 1.48896 31 | -451.45987 | 1.85244
08 | -335.04947 | 1.69688 32 | -476.61817 | 2.06607
09 | -288.6725 | 1.33565 33 | -504.46501 | 1.54873
10 | -311.98692 | 1.49054 34 | -257.58381 | 1.6955
11 | -360.98995 | 1.42391 35 | -404.73256 | 1.92187
12 | -295.57573 | 1.3694 36 | -187.86061 | 1.5841
13 | -242.86389 | 1.5501 37 | -285.24325 | 1.89627
14 | -221.59589 | 1.61038 38 | -412.29706 | 1.84348
15 | -154.18347 | 1.64631 39 | -294.0820 | 1.92217
16 | -263.53882 | 1.63073 40 | -287.18476 | 1.94646
17 | -267.17725 | 1.38831 41 | -391.77952 | 1.7452

2 | 18 | -331.08295 | 1.80627 42 | -126.4925 | 1.82471
19 | -281.61673 | 1.51429 4 |43 | -248.94302 | 1.9472
20 | -264.7059 | 1.52864 44 | -393.99921 | 1.77246
21 | -264.40814 | 1.72541 45 | -291.77563 | 1.9167
22 | -306.74213 | 1.62719 46 | -110.93528 | 1.3446
23 | -272.16788 | 1.66592 47 | -313.9987 | 1.92161
24 | -337.8758 | 1.47841 48 | -326.36495 | 1.85637
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64 CU0OOO0O

00 0000 [s] | DSF! | LiveTime | 00 (@1998/01/01)[Bq] | OO0 [year] | D000
137¢g 902 1/5 0.754 46600 30.07 0.944
0Co 953 1/20 0.809 370000 52714 0.9986
22Na 973 1/6 0.769 359000 2.602 0.9994
background 1073 | 15 | 0979 — — —
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yoooo
30.07
7/24+— .
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T e0
27Ct:l
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137Ne 2t l1173.24 100.0%
56 0.057% 2+
2.6019y 1332.5100.0%
3+ — 3
11Na P 60N.
28 I
99.962% 7+
1274.53100.0%
0.038%
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6.6 L0100

Ubooboo0b0FX)0DDOO0O XoUDOO ocOOoonooooooooboooo

1 _(x—x)2
FX) = ——e e (6.2)
o
D6200002z=¥%0pD000000000000000000
1 2
F2) = =" 6.3)
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gbobooboobooooooooooooooooooooooooooooooooon

67 JUUOUOQOon

yooooooooooooobobooboooooobeboboooobooboboooooo
gboboooboobooboobooobobobobbobobooboooboobooobonooooboon
Ode4000000DOOOOEPOUODOOUOEPOxODO0OO0OO0OOO0OODOOODOOOD

E’ vy =By 0 O0\(F
P’ - 0 of|pP
| BY Y x 6.4)
P, 0 0 1 0}|Py
P 0 0 0 1)\P,
goobooooboooooon
P, = —ByE + yPx (6.5)
P, =P, (6.6)
P, =P, (6.7)
E' =yE - ByP, (6.8)
680 gPO0ODOOAOOOODOG69O00OOOODOODO
E’' = yE — ByPcost (6.9)
yO0OooOoOE=PO0006.100000
vE — ByPcost = yE(1 — Bcosb) (6.10)
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