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Brief  Review of  Quasi-deuteron Model

QDM was proposed by Levinger in 19511

𝜎 𝛾, 𝑛𝑝 = 𝐿
𝑁 𝑍

𝐴
𝜎𝑑(, np)               (1)

- Excellent support from measurements2,3,4

- Dominant for E >40-50 MeV up to pion threshold energy

- Significant contribution even at much higher energy 

(for example, ref5,6 for E ~600 MeV & 4.5GeV respectively)

Since the observed cross-sections (by direct methods) for lower E side were 

significantly lower than Eq. 1

- Levinger (1979)7 proposed damping term exp(-D/E)

- Chadwick et al. (1991) introduced a Pauli-blocking term8

- Calculated 𝜎𝑞𝑑(𝛾, 𝑛𝑝) peaks8 ~ 70-80 MeV

𝑓(𝜖𝛾)
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Very large damping 
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Phenomenological model, lacking a microscopic origin

- Does not fit into usual shell model framework

- Can we understand the origin of  “L”?

Origin of  observed 𝜎 𝛾, 𝑛𝑝 damping in direct measurements at lower photon energy

- Contributions of  FSI 

- Charge Exchange Reactions

- Reduced tunnelling probability for low energy outgoing p/n ?

Contribution in QD mechanism in GDR region? 

- Chadwick & Levinger Damping terms leads to 

small QDM contributions for E<60MeV

Not supported by indirect (,np) measurements

(see left side plots)

How QDM can be used for light nuclei like 6Li ? 

Open Questions with QDM

16O 31P

(𝛾, 𝑛) + (𝛾, 𝑝𝑛)

(𝛾, 𝑛𝑝)

9. SaclayGroup, Nuc. Phys. A221 (1974) 513
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V Photodisintegration by energetic photons (already discussed)

V Pion absorption in nuclei is understood through Quasi-free 2N absorption (mostly np SRCs) modela

- Pion absorption proceed mainly through absorption by n-p/quasideuterons

- As high as 70% of pion absorption events may be through np-absorption 

V Direct (Inclusive and exclusive measurements) using few GeV e-/p beamb,c

- For ejected nucleon momentum > 250MeV/c, 92−18
+8 % of times ejected p+ is accompanied with 

kinematically correlated n ejection

- Nucleons in SRCs have high relative momenta and low c.m. momenta

- Dominance of n-p SRCs observed (about 94% of all SRCs)

V Direct confirmation of quasi-deuteron like structures by (p,pd) reactions since 1960s, see for example see

Sutterd et al. and much recent work at RIKENe

V SRCs are also considered as cause of EMC effectb

V Their presence has been recognized through many other type of nuclear reactions

(A comprehensive review of these processes is in pipeline)

n-p SRCs/Quasi-deuterons : An Ubiquitous Phenomena in Nuclei

aH. J. Weyer, Pion absorption in light nuclei, Phys. Rep. 195, 295 (1990). bHen O. et al., Nucleon-Nucleon Correlations, Short-Lived Excitations, and the Quarks Within Review of  Modern 

Physics 89   045002 cPiasetzky E. et al., Evidence for Strong Dominance of  Proton-Neutron Correlations in Nuclei Phys. Rev. Lett. 97 162504 (2006) dR. J. Sutter et al., Production of  high 

momentum deuterons from nuclei by 1-BeV protons, Phys. Rev. Lett. 19, 1189 (1967). eS. Terashima et al., Dominance of  tensor correlations (p, pd) reaction, Phys. Rev. Lett. 121, 242501



V In N=Z nuclei, n/p are in same orbitals + Opposite surface charge densities => Form np SRCs/quasi-

deuterons 

V Major fraction of nuclear B.E. may be contributed by the two-body interaction10 (IPAM)

V These quasi-deuterons would be paired to form quasi- structures

The photo-disintegration of N=Z nuclei is calculated assuming quasi-deuteron/n-p SRCsand quasi-a
degree of freedom

The QD photo-disintegration 𝜎𝑞𝑑 𝛾, 𝑛𝑝 can be inferred from well-known form of 𝜎𝑑 𝛾, 𝑛𝑝 for free

deuteron11 using appropriate value of effective n-p separation (B.E.) energy & effective range 𝑟0𝑡values.

Both ED and MD contributions can be evaluated 

- The 𝑟0𝑡 value is scaled with n-p separation energy of quasi-deuteron

- Tightly bound n-p system would have smaller effective separation 

- The 𝑟0𝑡=1.75fm is used for free deuteron & 𝑟0𝑡~0.8fm is used for  n-p  separation energy of ~26MeV

for quasi-deuteron in 4He, intermediate 𝑟0𝑡 values are used for intermediate n-p separation energy 

Model & Photo-disintegration for N=Z nuclei

10. Gomes, L. C. et al. Properties of nuclear matter. Ann. Phys. 3, 241 (1958). 11. H. Arenhovel, and M. Sanzone, Photodisintegration of the deuteron, Springer-VerlagWien GmbH (1991). 5



ED Contribution
MD Contribution

A sharp peak in 𝜎𝑀𝐷 𝛾, 𝑛𝑝 curve is observed just after it

is allowed energetically

ü For 𝐸𝛾>40MeV, 𝜎𝑀𝐷 𝛾, 𝑛𝑝 changes quite slowly

ü The 𝜎𝑀𝐷 𝛾, 𝑛𝑝 for QDs at higher 𝐸𝛾 ~100MeV is

significantly greater that of free deuteron (~3 times)

ü The 𝜎𝑀𝐷 𝛾, 𝑛𝑝 is ~10% of 𝜎𝑡𝑜𝑡𝑎𝑙 𝛾, 𝑛𝑝 for

𝐸𝛾~100MeV.

ü MD contribution is neglected in further plots.

The initial 𝜎𝐸𝐷 𝛾, 𝑛𝑝 peak shifts & decreases with

n-p separation/B.E. of quasi-deuteron

ü 𝜎𝐸𝐷 𝛾, 𝑛𝑝 contribution starts just after it is

allowed energetically and peaks after few MeV

ü In QD region, 𝜎𝐸𝐷 𝛾, 𝑛𝑝 contribution

decreases with 𝐸𝛾 at much slower rate as

expected

ü For 𝐸𝛾~100MeV; 𝜎𝐸𝐷 𝛾, 𝑛𝑝 of QD ~ 3 times

Free Deuteron

Photo-disintegration of Quasi-deuteron(QD)

ED+ MD for QD
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For N=Z=A/2 nuclei, the NZ/A factor is equal to  Z/2. 

Levinger formula gives,

𝜎
𝑍
𝐴𝑋 𝛾,𝑝𝑛 /𝜎𝑑 𝛾,𝑝𝑛 = 𝐿/2 × 𝑍

Hence, the 𝜎𝑞𝑑 𝛾,𝑝𝑛 /𝜎𝑑 𝛾,𝑝𝑛 ratio in that formula is

𝜎𝑞𝑑 𝛾,𝑝𝑛 /𝜎𝑑 𝛾,𝑝𝑛 → 𝐿/2 i.e. ∼3.3 (Black line)

- With Levinger Damping termexp(−𝐷/𝐸𝛾) (green)

- With Chadwick Pauli-blocking term (blue)

- With Current approach (red curve)
(Significant higher 𝜎𝑞𝑑 𝛾,𝑝𝑛 is obtained in current 

approach compared to Chadwick model for lower E)

Comparison of  𝜎𝑞𝑑 𝛾,𝑝𝑛 /𝜎𝑑 𝛾,𝑝𝑛 ratio in different formalisms

(np separation energy of 16 MeV)
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ü The -photodisintegration 𝜎𝛼 𝛾, 𝑛 & 𝜎𝛼 𝛾, 𝑝 can be computed by Gunn- Irving12 approach using 

exponential or Gaussian wavefunction for the nucleons

ü Neglecting coulomb interaction of outgoing protons => 𝜎𝛼 𝛾, 𝑛 ~𝜎𝛼 𝛾, 𝑝

ü 𝜎𝛼 𝛾, 𝑁 is sensitive to n/p separation energy and size parameters of 4He and residual 3He/3H 

- Properly optimization of size parameters is carried out using experimental 𝜎𝛼 𝛾, 𝑁 values

Photo-disintegration of 4He & Quasi-alpha

12. J. C. Gunn, and J. Irving, The photo-electric disintegration of three- and four-particle nuclei, Phil. Mag. 42 1353 (1951). 13. QuaglioniS. et al., Two-body photodisintegration of 4He with full 
final state interaction, Phys. Rev. C 69 044002 (2004) 

𝜎 𝛾, 𝑁 variation with 4He size parameter 4He(,n)3He cross section up to 120 MeV

QuaglioniS. et al., Phys. Rev. C 69 044002 (2004)
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Total photo-dis. cross-section of 4He is sum of 𝜎𝑞𝑑(𝛾, 𝑛𝑝) due

to two quasi-deuterons + [ σ 𝛾, 𝑝 + σ 𝛾, 𝑛 ] channels,

calculated by Gunn-Irving approach using 𝜇𝛼 =
1

1.7
fm-1, 𝜇𝑡 =

1

4.5
fm-1 i.e.

𝜎𝑡𝑜𝑡𝑎𝑙(
4He) = σ 𝛾, 𝑛 + σ 𝛾, 𝑝 + 2𝜎𝑄𝐷 𝛾, 𝑛𝑝

Quasi-deuteron contribution 𝜎𝑞𝑑(𝛾, 𝑛𝑝) & Levinger estimate

(without damping term) are shown separately also.

ü 𝜎𝑡𝑜𝑡 vs 𝐸𝛾plot have a prominent peak in GDR region (mainly due to σ(𝛾, 𝑁) contribution)

ü Significant QD contribution inside GDR peak. 

ü QD contribution dominates for 𝐸𝛾>50MeV

ü The QD contribution is quite similar to Levinger model prediction (L= 6.4) for 𝐸𝛾>60MeV

ü Excellent agreement with measurements13

Photo-disintegration of 4He

4He

𝜎𝑞𝑑(𝛾, 𝑛𝑝)

𝜎𝑡𝑜𝑡𝑎𝑙

13. QuaglioniS. et al., Two-body photodisintegration of 4He with full final state interaction Physical Review C 69 044002 (2004) 
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Photo-disintegration of 4He -2

-Significantly different results for (,np) compared to Chadwick Model
- Possible test for present approach

- (,np) trends aroundGDR peak are similar to that of obtained from indirect measurements9

9. SaclayGroup, Nuc. Phys. A221 (1974) 513 10



6Li is considered as loosely bounded outer quasi-

deuteron attached with core- (as demonstrated in 

numerous expt. studies). 

- The  np separation energy for outer QD is taken as 

3.7 & 5.7 MeV (an effective n-p separation energy 

of ~5MeV has been measured) 

- Core- calculation are done similar to 4He 

- Two peak structure in photo-dis. curve!! 

2-peak structure observed in expt. trends14-15 too!! 

(Blue colored are from ref-14, red are from 15)

ü 1st peak is due to loosely bound outer quasi-deuteron (𝛾, 𝑛𝑝)
ü 2nd peak is due to photo-dis. of core-alpha mainly due to 𝛾, 𝑝 + 𝛾, 𝑛 channels 

ü The double peak structure was not reproduced by recent microscopic ab-initio calculations16

𝜇𝛼 =
1

1.6
fm-1

Photo-disintegration of 6Li

14.VarlamovA.V. et al., Atlas of Giant Dipole Resonance IAEA Nuclear Data Section (1999)15.T. Yamagata et al., Effect of the nuclear medium on α-cluster 
excitation in 6Li, Phys. Rev. C 95, 044307 (2017). 16.BaccaS. et al., Electromagnetic reactions on light nuclei J. Phys. G: Nuc. & Part. Phys. 41 123002, (2014)

Sonia Bacca et al
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ü The QD contribution dominates for 𝐸𝛾>50MeV 

ü The calculated cross sections agree very nicely with Levinger QDM (using L= 6.4) for 𝐸𝛾>60MeV 

General agreementwith measurements2,14.

Quasi-deuteron/np SRC 𝛾, 𝑛𝑝 dominance region

12C
𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎𝑞𝑑 𝛾, 𝑛𝑝 ∗6 + σ 𝛾,𝑁 due to 3quasi-

-Red Curve using the size parameters of free-

- Green Curve using 𝜇𝛼 =
1

2.0
fm-1

- Quasi-deuteron contribution 𝜎𝑞𝑑(𝛾, 𝑛𝑝) &

Levinger estimates are shown separately too

- The experimental GDR peak can be reproduced

using slightly larger size for quasi-alpha

structures compared to free alpha nucleus.

Photo-disintegration of 12C
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× 𝜎𝛾,𝑡𝑜𝑡= 𝜎 𝛾,𝑁 + 𝜎(𝛾, 𝑛𝑝) for N=Z light nuclei is calculated

- Assuming neutrons/protons in np SRCs/QD which pair off to form quasi- structures.

- Photo-dis. cross section is the sum of individual SRCs/QD and quasi- photo-dis.

× The QD photo-dis. 𝜎𝑞𝑑(𝛾, 𝑛𝑝) is calculated using well-known ED & MD contributions for free 2H using 

appropriate n-p separation energy and 𝑟0𝑡

× 𝜎𝛼 𝛾, 𝑁 for quasi-  is inferred from Gunn-Irving approach for 4He 

- 𝜇𝛼 & 𝜇𝑡 are estimated by comparing the calculated cross-section values with experimental results for 4He

× 𝜎𝛾,𝑡𝑜𝑡 vs 𝐸𝛾 curve for 6Li nucleus results in double-peak structure in accordance to the measurements

The contribution of outer loosely bound QD and that of core- are nicely separated!!

× The GDR peak in 12C can be reproduced using slightly larger quasi- size => Overall agreement with expt. results 

- Possibility of quasi-alpha size variation in light nuclei due to shell structure

× Indirect 𝜎 𝛾, 𝑛𝑝 measurements inside and above GDR peaks can used to compare current and older approaches Lev., 

Chadwick or any other.

× A consistent set of good photo-disintegration data for light nuclei is an urgent requirement

× Proposed approach is being extended for N≠Z nuclei.

Summary and Future Outlook
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Thank you for your attentions !
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Additional Slides

15



The electric dipole (ED) and magnetic dipole (MD) contribution terms for the photodisintegration cross-section are

well understood for the deuteron system and a detailed account of numerous experimental and theoretical works is

summarised by Arenhovel and Sanzone [11]. For the photo-disintegration process 𝑑 𝛾, 𝑛𝑝 , the 𝜎𝐸𝐷 contribution for

deuteron is given by;

𝜎𝛾
𝐸𝐷 =

8𝜋

3

𝑒2

ℏc
𝜆−2

𝑘𝜆

𝑘2+𝜆2
)

3 1

1−𝜆𝑟0𝑡
× 104 (1)

Where 𝑘 =
𝑚𝑐2×(𝐸𝛾−𝐵.𝐸.)

(ℏ𝑐)2
, 𝜆 =

𝑚𝑐2×𝐵.𝐸.

(ℏ𝑐)2
with B.E. as binding energy of deuteron and 𝑟0𝑡 is the effective range of

triplet state.

The MD contribution to 𝑑(𝛾, 𝑛𝑝) can be approximated by;

𝜎𝛾
𝑀𝐷 =

2𝜋

3

𝑒2

ℏc

ℏ

𝑀𝑐

2
𝜇𝑛 − 𝜇𝑝

2 𝑘𝜆(1−𝜆𝑎𝑠)
2

(𝑘2+𝜆2)(1+𝑘2𝑎𝑠2)
(2)

Where µn and µp are magnetic moments of neutron and proton while as is singlet state scattering length of deuteron.

ED and MD contributions for free Deuteron
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Gunn-Irving [12] suggested the advantage of using exponential wavefunction over the Gaussian one for photo-

disintegration calculations for 4He since it is representing actual wavefunction in more realistic way. Using exponential

wavefunction, the 𝜎 𝛾, 𝑝 for 4He is given by;

𝜎𝛾,𝑝=
7×411𝜋

39 2
𝑒2 𝑀

5

2
𝜇𝛼
7

𝜇𝑇
14 𝑘𝐸

3

2 𝑧20 {𝑓 𝑧 }2 (3)

Where 𝜇𝛼 & 𝜇𝑇 are size parameters for alpha and tritium/triton and 𝑓(𝑧) are defined by;

1

𝑧2
=
2𝑀𝐸

3𝜇𝑇
2 +

4𝜇𝛼
2

3𝜇𝑇
2 − 1

𝑓 𝑧 =
735 + 346𝑧2

8
+

21

1 + 𝑧2
+

2

1 + 𝑧2 2 −
3 cot−1 𝑧

8𝑧
(1155𝑧4 + 630𝑧2 + 35)

𝜎 𝛾,𝑁 from Gunn-Irving Model for 4He 
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Odian, Phys. Rev. 102, 837
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