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8He+197Au

K. J. Cook, E. C. Simpson, L. T. Bezzina, et al. Phys. Rev. Lett. 122, 102501 (2019).

7Li+ 209Bi ᵄ Ŭ №
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JIN L, MORO A M. Phys Rev Lett, 2019, 122: 042503.
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A. Shrivastavaet al., Phys. Lett. B 718 (2013) 931.

Thea-capturecrosssectionsweremeasuredemployingin-beamgmethodby exclusivemeasurementsof promptg-

raysfrom theheavy-residueswith variouslight chargedparticles(a, t, d andp).

ÂCoincident measurements of gamma with charged particles
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30MeV 6LiᾩַײƗṂ ᴄ
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S. P. Hu et al., Phys. Rev. C 93, 014621 (2016).



6Li+ 12C

ü ᶇ Ɨ≡ ᾛ←
ü

6Li 3+σ 34, 30, 28, 15MeV

ü σ 12C (142ɛg/cm2 )

ü Ẕσ 197Au (5.2mg/cm2)

ü ὒ≡ᵷσBGO-HPGe, Clover

ü ẘσ 30£, 60£, 90£, 120£, 150£

6Li 12C 197Au

üṽ⸗ ḑ-Ɨ ᴿᾛ←
ü

6Li 3+σ 34, 30, 28MeV

ü σ 209Bi (550ɛg/cm2)

ü Ẕσ 12C (100ɛg/cm2 )

ü ɔὒ≡ᵷσ25ҩBGO-HPGe

ü ṽ⸗ ḑὒ≡ᵷσ40ҩȹE-E
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6Li+ 12Câ 718keVâ
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J. T. Li et al., Nucl. Sci. Tech. 31, 49 (2020).
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CF: 6Li+89Y­95Mo­90Zr+a+n

­89Zr+a+2n

CF process ὒὭ ὣᴼ ὓέO ὤὶ♪ ὲ,

ICF process Ὄ ὣᴼ ὤὶO ὤὶὲ, ♪
Transfer process:

1n stripping:    6Li+89Y­90Y+5Li+1.19MeV;     
5Li­a+p

1p stripping: ὒὭ ὣᴼ ὤὶ♪ ὲ+3.92MeV

1d stripping:      ὒὭ+89Y­91Zr+♪+11.85MeV

ÂGamma coincidence with aparticles

Transfer process

S. P. Hu et al., Nucl. Instru. Method 93, 014621 (2019).



If ICF ?

(1)EŬ å 2/3E6Liå23 MeVЇ Ed å 1/3E6Liå11 MeV, װ

Ep å 4 MeVЃ p ԓ6.8 MeV ҙ

└);

(2) ԓ6Li ҿŬ d, 6Li ҿp 5Heװ n

5Li ( )ɼ

breakup Separation energy(MeV)

6Liɂɂ>d+ɻ 1.47

6Liɂɂ>p+5(ÅɉÎϹɻɊ 4.43

6Liɂɂ>n+5Li(ɻ+p) 5.66

dɂɂ>p+n 2.224

6Liɂɂ>t+3He 15.79

6Li+89Yɂɂ>(95Mo)*ɂɂ>93Nb+n+p

6Li+89Yɂɂ>(95Mo)*ɂɂ>92Nb+2n+p

6Li+89Yɂɂ>(95Mo)*ɂɂ>91Nb+3n+p

CF:

1n stripping : 6Li + 89Y ­ 90Y + 5Li + 1.19 MeV , 5Li ­a+ p

17

p-ɔ ⅎ
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p-ɔ ⅎ

Ѓ1Є ԓҒ Їp Ғ ɼ ╦

p Ж

Ѓ2Є ҅ ҐЇ 92Nb/91Nb ᶡ p ꜘ

ꜘɼ ԓ p Ї Ї

Ҳ Ї ֥ 91Nb ₉ ᴰ⁯ ɼ

҅ ,

91NbЇ92Nb ԓ Ὴ
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93Nb

6Li+89Yɂɂ>(95Mo)*ɂɂ>93Nb+ n +p

6Li+89Yɂɂ>(95Mo)*ɂɂ>92Nb+2n+p

6Li+89Yɂɂ>(95Mo)*ɂɂ>91Nb+3n+p

Complete fusion:

Covered angles

Uncovered angle

p-ɔ ⅎ
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G. L. Zhang et al., Phys. Rev. C 97, 044618 (2018).

90Y

89Y+6Liɂɂ>90Y+ 5Li * ɂɂ>90Y+ɻ+p+3158 keV
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t stripping reaction: 6Li+89Yɂ> 3He+ 92Zr+

(-0.9 MeV)

3He-ɔ ⅎ

92Zr
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t-ɔ coincidence

t-ɔ ⅎ

└ t ԋ ḷ Ї
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₴ t ꜘ ꜘ ɼ
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Ѓ1Є t ҲЇ

Ѓt>12 MeVЄ 19Ne

ɔ װ Ї

ᵜ Ғ ɼ

(2) Ї6Li

16O Ὴ , Ӏ ֥

20NeҒ 19Neɼ

M. Martz et al., Phys. Rev. C 20, 1340 (1979).

t-ɔ ⅎ

3He stripping reaction: 6Li+16Oɂɂ>19Ne+t+(-7.35 MeV)

19Ne



3He stripping :
6Li+89Yɂɂ>t+ 92Nb+(-2.12 MeV) (1) Etå 25~30.5 MeV 

6Li+89Yɂɂ>ɻ+t +88Y+(-6.697 MeV)

7Li ɂɂ>ɻ +t +(-2.47 MeV)

ɻ+ 89Yɂɂ>93Nb51 (91Nb+2n) +t

1n pick up :

(1) E7Liå21.7~29.4 MeV, EŬ å12.82~17.95 MeV, 

Etå 6.41~8.97 MeV, t Al (10.57 

MeV

6Li+16Oɂɂ>19Ne+t+(-7.35 MeV) (2) Etå 8~24 MeV

ҏ Ї3He ɼ

t-ɔ ⅎ



ḫ ╜
7Li + 209BiᴦẔᶈ​╙ ѭ52MeVῊԐᶚ￼ƙ
(a)ᶈ Ɫ ѧ ᴨ;(b)ᶈ Ɫ ​3.2 minᵅẦḊ

╜ ;(c)ᶈ Ɫ42.5 hᵅẦḊ ╜

ü Ḫ ◕ σ

V ᴁיּ╜ẻή╜ᵸ(Annular detector) ήע ῼ ⁄ӎ׆￼

(110 ns~23.1 min) ᴪғּו￼ƙ Ḓψ

V Si ή╜ᵸή╜ᴁ ῼ  ӎ⁄(23.1 min~138 d)׆￼

ᴪғּו￼ƙ Ḓψ

V Monitor ặ Ԅṃ​╙ψ

V ָ⸗ềɻ Ḓ￼ ᵙᴁ ῼ‎֫תјᵃғⱶψ

V ғⱶ￼ɻ ᴪᴁ ῼ֫ṵᶈ110nsֹ138dѳ

ü Ḫ ї σ

V ῂ│╜ ṁᵘɻ ᴪ⁄ψ

V ῂ│֫ת ᵙⱤᵀᴦẔ ψ

V Ѧָɻ ᴪғⱶῂ│֫תψ

Dasgupta M , Hinde D J , Hagino K , et al. Phys. Rev. C, 2002, 66(4).

‌ ΆẪ╜ 6Li 7Liљ ⁄￼ⱤᵀᴦẔἈ
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6Li+ 209Bi 
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ü ḢԅⱤᵀSCF
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The partial level scheme of 210Bi

Characteristic ɔ rays of 210Bi
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1n transfer reaction



Experimental Results

beam MeV
E_c.m.
(MeV)

exp_aus(mb) [1] theory(mb) [2] exp_our(mb)

ICF alpha- ICF d- ICF ICF alpha- ICF d- ICF ICF alpha- ICF d- ICF

28 27.11 / 1.62 / 37.01 9.408 31.915 / / 30.87

30 29.08 72.3 11.09 / 133.03 37.218 99.684 110.71 3.34 107.37

34 32.96 130.1 60.99 / 360.46 110.513 249.437 241.2 33.57 207.63

Reaction CF   radon d-ICF    polonium Ŭ-ICF  astatine

Energy_lab(MeV) ů_211Rn mb error ů_210Po mb error ů_209Po mb error sum error ů_212At mb error ů_211At mb error sum error

28 / / 15.38 2.09 15.49 2.10 30.87 2.96 / / / / / /

30 / / 42.04 2.42 65.33 3.77 107.37 4.48 2.74 0.09 0.60 0.05 3.34 0.10 

34 30.01 1.54 52.58 2.66 155.05 7.85 207.63 8.29 10.52 0.37 23.05 1.14 33.57 1.20 

EXP ous VS EXP_AUSVS Theory

[1] M. Dasgupta, et al, Effect of breakup on the fusion ofLi6,Li7, andBe9with heavy nuclei, Physical 

Review C, 70 (2004).

[2] J. Lubian,et al, Study of fusion processes in collisions of 6Li beams on heavy targets

ü The experimental results of d-ICF agree well with the theoretical calculation

ü Our alpha-ICF cross section result is small, perhaps for two reasons:

Å 1st The yields of some rays are too small to count.

Å 2nd The rays directly populated to the ground state cannot be counted.

theory

CF and ICF reaction
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6,7Li+ 209Bi

1
2

Yao Yongjin et al, Nucl. Sci. Tech 32 (2021) 14.
Yao Yongjin et al., Chin. Phys. C 45 (2021) 054104.
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Ŭ+d

Ŭ+p

Ŭ+Ŭ

a+p (210Bi) a+d (209Bi) a+a(207Pb)

Qgg:0.906MeV 210Bi Qgg̔ - 1.473MeV Qgg 13.57MeV

1- Aus 0.380MeV 1- exp 0.466MeV(ʎ=0.3) 440keV Aus - 1.545MeV Aus

2- Aus - 0.581MeV 2- exp - 0.489MeV(ʎ=0.28) 1395keV exp - 1.609MeV(ʎ=0.22) exp

3- Aus - 1.152MeV 3- exp - 1.214MeV(ʎ=0.29) 2120keV

209Bi

207Pb ҩ

̆ Ҭ 0- 10MeVӊ
4- Aus - 1.722MeV 4- exp - 1.772MeV(ʎ=0.17) 2678keV

5- Aus - 2.186MeV 5- exp - 2.105MeV(ʎ=0.52) 3011keV

1
2

4 35

D. H. Luong,et al., Phys. Rev. C 88, 034609 (2013)

6Li+ 209Bi

Ebeam=30MeV
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D. H. Luong,et al., Phys. Rev. C 88, 034609 (2013)



ɓ :ɗ12̓

Ŭ+Ŭ

ɓ
(d
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)

ɗ12(deg)

Erel 1MeV

Ŭ+d
6LI
Ex=2.186MeV

6Li

6Li+209Bi-30MeV

ɗ12(deg)

4.77MeV

ů̔ 0.89MeV

Ŭ +p

ɗ12(deg)

1.87MeV

ů=0.60MeV

-0.09MeV

5Li

5Li
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Ŭ+d
1

2

Erelּגḽ αŬ+dβ

Qbu= -1.47MeV Erel=Qbu+Ex

ü 1 0.72MeV( =0.21) 2.19MeV, 6Li

ü 2 , 4.75MeV =0.76 6.22MeV,

6Li 4312.22keV 5366.15keV 5650keV

Luong   6,7Li+209Bi Ebeam=29MeV

0 5 10 15

6Li+209Bi-30MeV



N . S. Pattabiraman et al ., Phys. Rev. C65,044324(2002)

Å 6401keVЇ5612keVЇ4849keV ɼ

Å763keVЇ2088keVЇ148keV 329keV ҅ ῗ Ғ

ԓ92MoЇ ԓ92Nbɼ

763

2088

6401

5612

4849

К
К

К

148
329

К

К

92Mo 

28Si(138MeV)

74Ge(600 ἯȾἫἵ)

Ta(10mἯȾἫἵ)

New energy levels of 92Mo



(a) gate on 2088 keV 

(b) gate on 148 keV 

(c) gate on 1510 keV 

N . S. Pattabiramanet al ., Phys. Rev. C65,044324(2002)
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Phys.Rev.C65 ,044324(2002) NNDC
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6Li + 89Y ᴼ95Mo ᴼ
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92Mo

ṉ14 new states

ṉ24 new ‎-rays

Several~2 MeV transitionsobservedfor the first

time could be a presumablesignatureof N=50

core-breaking effect. The measuredstrengthsof

E1 transitions between low-lying positive and

negative bands indicates an importance

contributionfrom Z = 28 proton core-excitation.



Angular distribution of grays emitted by oriented nuclei: the case of 92Mo

Z. Huang et al., Eur. Phys. J. A57 (2021) 137



-500~-60 ns 197-201 keV

Background:170-180 keV

91Mo level scheme



91Mo

92Mo



New energy levels of 92,93Nb

Lv Yifeng et al., Chin. Phys. C43 (2019) 104102

93Nb

92Nb

Shell model calculations were performed with the code

NushellX to reconstructthe level structureof 92Nb, whereSNE

valencespaceand SNET interaction were used. The results

agreewell with the experimentaldata.



New energy levels of 89Zr, 91Mo

89Zr 91Mo

Zhen Ren et al., Phys. Rev. C106 (2022) 024323.

Low lying statesare dominatedby particle excitations

from the p̄1/2 orbit to the ḡ9/2 orbit. With theincrease

of theexcitationenergy,the statesare well describedby

proton excitations across the Z = 38 subshell into

higher orbits. Finally, By studying the systematic

featuresof N = 49 isotones,with the increaseof proton

number, the valence protons becoming closer to the

high- j ḡ9/ 2 causesthe decreaseof the excitation

energiesfor the samestates.



New energy levels of 212Rn C. B. Li et al., Phys. Rev. C 101 (2020) 044313

A 3(-)collective state is also proposed at 2121 

keV, which is most likely formed by mixing 

the octupole vibration with the 3ҍ member 

of the ̄ h3
9/2i13/2 multiplet.

Theexcitationenergyof 3īin 212Rn nicely accordwith

almostlinearity decreasein energywhenaddingproton

pairssimilar to thecasefor N = 127isotones. However,

thecalculationsof presentshellmodellocatethe levels

of the h́3
9/2i13/2 3īprotonmultiplet at about0.8 MeV

abovethe correspondingpossiblelevel. This is more

likely the result of some involved mixing the

octupole vibration as in neighboringN = 126 210Po,
214Ra, and216Th isotones

Thespin-parity assignmentfor the2967keV state,

which was tentativelyassignedas12+, is instead

suggestedto be (10ҍ). The 21
+, 41

+, 61
+, and 81

+

statesindicatea steadyincreaseenergyasproton

numberincreases,while energiesfor 82
+ and111

ҍ

statesare observedto decreasegradually. These

evolutional tracks could be analyzed in terms

of a pairing approach.
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VFusionby induced6Li on 12C, 94,96Zr, 209Bi targetshavebeenstudied. Theresultshavebeen

publishedandthe preliminary resultshavebeenobtained. The CF suppressionhavebeen

observed. The breakup triggered by transfer plays a main role.

VA powerfulcombinationof gammaandlight chargedparticlescandistinguish the various

reaction channelsand separatethe different reaction processesincluding CF, ICF and

transfer.

VThe new energy levels for many nuclei including 91,92Mo, 92,93Nb, 89Zr and 212Rn are

obtained. The information of gammaangulardistribution can be extracted. The nuclear

structurecanbestudied.

Not only explore the reaction dynamics of weakly bound nuclei at

low energies,but alsostudy the nuclear structure!!!




