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« Medium- to high-energy nucleus-nucleus scattering
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A probe of nuclear surface properties
« Halo/skin nuclei
e Spectroscopic information: shell evolution

« Deformation, core swelling, bubble, etc.
— Bulk properties of nuclear matter
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Motivation

* G |a u be 1 th €0 ry R. J. Glauber, in Lectures in Theoretical Physics, (Interscience, New York, 1959), Vol. 1, p. 315.

 Microscopic high-energy reaction theory
« Eikonal and adiabatic approximation
« Starting from NN scattering phase-shift function

« Direct relationship between many-nucleon wave function and
scattering observables
« “Original” Glauber-theory calculation is involved (e.g., multifold integral)
« “Approximated” Glauber theory is often applied



Qutline

« Complete evaluation of the Glauber’s phase-shift function (psf) involving 12C
« 12C: Standard target nucleus to extract nuclear size properties
« Total reaction and elastic scattering cross sections can unambiguously be evaluated

« Multiple integrals performed by a Monte Carlo integration

e Input: Variational Monte Carlo (VMC) wave function
« Previous work (32C: cluster model wave function) K. Varga et al., Phys. Rev. C 66, 034611 (2002)
« Realistic interaction: AV18+UIX  R.B. Wiringa et al., Phys. Rev. C 51, 38 (1995)

« This work: 12C, “He, ®He B. S. Pudliner et al., Phys. Rev. Lett. 74, 4396 (1995)
« 40000 configurations are prepared 1 —
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G ‘ a U b e r Th e O ry R. J. Glauber, in Lectures in Theoretical Physics, edited by W. E.
Brittin and L. G. Dunham (Interscience, New York, 1959), Vol. 1, p. 315.

« Efficient description of medium to high energy scattering
« Eikonal approximation W(R,rF P T Ty = K2R P, pE T T
 Adiabatic approximation o |

|:E'Pz_'_ QJP;;T +M+M+§§V(R+rf—r?) (R.rY. . r‘ZP rT.
4 — 00 lir(R_.rf,..,,rﬁp._ri..,,riih) = oX(®) 1]2'53(?*{3_....,rip)\Iig(r?...,TgT).
« Essential quantity: Glauber’s phase-shift function (psf)
Ap Ap
eXO) = (Gl vy = (Vg T T cXNNOtsl=s]) |G Ty =85+ 22
« “Original” Glauber theory o e"™XNN :NN phase-shift function

- Input: A-body densities (| W,]2) of projectile and target
— 3X (Ar+A4p) fold integral for each 6 expensive!

 Optical limit approximation (OLA) often be used
 Input: one-body density (3+3-fold integral)



Cross sections

Glauber’s psf eX®) — (wEWT | TT T e @ == [whul)

ieP jET
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= (g [ [T1T I =T o+ 7 = sP)] [0 o)
i:lj:l

. 1 — 52
eXNN(®) =1 _Tnn (b)) Profile function T (b) = ———— 0% exp ( )
L_]:'?T_;J_)NN 23NN
B. Abu-lbrahim, WH, Y. Suzuki, A. Kohama, Phys. Rev. C 77, 034607 (2008).
Consistent with NN scattering properties for E<x~300 MeV
Contribution of hadron productions at E>~300 MeV

NNN contribution negligible in the high-energy reaction processes

Total reaction cross section or = /a’-b (1 — \E"mb) \2)

do
Elastic scattering cross section —(f) = |F(6)|?

U F: Rutherford scattering amplitude
iK , _ _ _ - -
Scattering amplitude F(#) = Fc(6) + 3; /db e~ 1abFixe(®) () _ ix(b)) ixc(b) = 2inIn(Kb)
=/ n = ZpZre?/hv




\ariational Monte Carlo (VMC) method

e Hamiltonian

H = Zﬁﬁrzta; > Vi

i<j i<j<k Vijk : Urbana IX three-nucleon potential

Vij : Argonne v18 two-nucleon potential

Uy | H|W
(U | ‘V>>E0

« Variational principl =
ariational principle By = p=a—= >

Trial function

A
Wy) =S]]

i<j

A
1+ Usj + Z fﬂ_;:k} ) Jastrow type wave function
ki, T ) H fe(ri)|@a(J™TT,))

Fully antisymmetrized wf
(Uncorrelated)

1<J

Two-body correlator ~ U,; = Z w, (r4;)OP, Short-range correlation
p=2.6

Three-body correlator Usit = —€Viin(Fij, ks hi)



NMonte Carlo integration

A type of integration /p(;r)g(i:)di:, T : multiple variable

fp(;,{.‘)d;f_.‘ =1 p(xz) =0 Probability distribution

M

q ry,ro....,rpg
pla)glax)dr
/j (©)g(x) ZJ generated by Metropolis method

N. Metropolis et al., J. Chem. Phys. 21, 1087 (1953)

Glauber’s psf
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Coulomb interaction

« Colomb breakup (CBU) contribution

Total Coulomb phase Coulomb phase

e Ap Ar -
e et = T [ eromrre®m. ey =n [ dom—
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Xtc?t(b- {SP}.{ST} _ \E‘Olnt(b] + /_\Xc(b.{SP}. {ST}).
Ap At ‘ |
p Ty 9 ik _ _
Mot ”JZMZLE "7 Divergent behavior at b— oo

CBU occurs at b less than b~ Rp+FR;

b 2inejeg
cidxo(b{s"}{sT} = H H (| 5"”) O(be: — b) +O(b—be).

j=1 k=1

« Coulomb trajectory correction

A. Vitturi, F. Zardi, Phys. Rev. C 36, 1404 (1987)
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do/dQ (mb/sr)

Proton-14C scattering

Elastic scattering cross sections
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—  Safe for E/A> 200 MeV
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12C-12C scattering

Elastic scattering cross sections

Total reaction cross sections
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Rutherford ratio

*He-12C scattering
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Conventional approximations

Glauber’s psf X =G =1) = (UFUF|Ob: A= 1) |wfw])
Ap At
Multiple scattering operator O(b; \) HH 1— A (b —5 s?ﬂ
i=17=1
Binomial (Moment) expansion — slow Convergenqceq B. Abu-lbrahim et al., Nucl. Phys. A 657, 391 (1999)
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Cumulant expansion
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Optical Limit Approximation (OLA)
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“Average” Conventional OLA “Variance” 2nd order OLA



Cumulant expansion

« Cumulant expansion

\n r1(b) = p1(b), “average”
InG(b; A\) = Z oy — k(D). ra(b) = 2ua(b) — pu1(b)?, “variance”
n=1 k3(b) = 6p3(b) — 6o ()1 (b) + 211 (b)*  “kurtosis”
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Proton-14C scattering
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Nucleus-nucleus case: Elastic scattering
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Summary and conclusions

Complete Glauber-theory cal. using the most accurate wave function of 12C

 Solving Glauber’s original equation without approximation (Ab /nitio Glauber theory)
« NN interactions consistent with the NN scattering properties
« Multiple integration in the Glauber psfis performed by a Monte Carlo technique
« Total reaction and elastic scattering cross sections can be evaluated unambiguously
within the Glauber theory
« Accuracy of the conventional approximations

The Glauber theory works well for ~100-1000 MeV/nucleon

Accurate expt. data — Precise determination of the nuclear size properties
For heavier nuclei, no—accurate-wiis-avattabte (please provide your ab initio wf!)

« Conventional OLA can be used for proton scattering (One-body density)

« For nucleus-nucleus scattering, the second order OLA offers a good approximation (Two-body
density)
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