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•Intensity/Purity

•σProd.

•PL, PT distribution

•Simulation code
  INTENSITY, LISE, MOCADI

•Empirical systematics/
formulation
  EPAX etc.
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Transport of heavy ions in materials

• Radiation shield at RIB facility
• Space mission (Irr. effect of galactic cosmic ray)
• HI therapy



Nuclear database
Transport of heavy ions in materials

• Radiation shield at RIB facility
• Space mission (Irr. effect of galactic cosmic ray)
• HI therapy

Heavy Ions: 
small in number - but important in radiation effects

Galactic Cosmic Rays

Zi-Wei Lin, 
Workshop at Arkansas State Univ., 
April 14, 2005



Momentum dist. 
and σProd.



Evaluation of prod. rate
- In case of LISE++

Abrasion-ablation Statistical decay

Formulation/Systematics← Prod. process



Participant-Spectator
- Independent particle model

Abrasion-ablation Statistical decay



Participant-Spectator
- Independent particle model

Abrasion-ablation Statistical decay

This model provides 
" 1) Velocity shift : small
" 2) P dist. : PFermi of removed nucleons



P dist. at E ≧ 1 GeV/u
- Isotropic distribution

D.E. Greiner et al., PRL 35 (1975) 152.

12C (2.1 GeV/u) + Be → 10Be



P dist. at E ≧ 1 GeV/u
- Isotropic distribution

D.E. Greiner et al., PRL 35 (1975) 152.

12C (2.1 GeV/u) + Be → 10Be

•Isotropic Gaussian dist.

•Small velocity shift

σ(PHigh) ~ σ(PLow) 
σ(PT) ~ σ(PL)



P dist. at E ≧ 1 GeV/u
- Dispersion of distribution

36Ar(1.05 GeV/u) + Be

M. Caamano et al, Nucl. Phys. A 733 (2004) 187.
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Fig. 5. Sigma widths of the longitudinal momentum distributions plotted as a func-
tion of mass loss, ∆A, from the projectile. The dashed curve shows the

√
∆A de-

pendence of the Morrissey systematics [8]. The dotted curve follows Goldhaber’s
model[25]. The full curve has been obtained by fitting the constant σ0 in Goldhaber’s
model to the present data (see text).

3.2 Momentum distributions

As mentioned earlier, the momentum distributions for each isotope result di-
rectly from Gaussian fits to the reconstructed Bρ distributions such as the one
shown in Fig. 3. The resulting laboratory momenta are then transformed to
the projectile system. As it is well known, the centroid values are small (on the
order of 100-200 MeV/c), i.e. the fragments have practically the same velocity
as the projectile beam. The central momenta decrease approximately linearly
with mass loss from the projectile, with a slope similar to what can be found
in the Morrissey systematics [8]. Since the error bars in our measurements
are rather large, and do not give more insight than what can be found in the
literature, we do not discuss this observable here.

The σ widths of the longitudinal momentum distributions, σ(p||), are listed
in Table 2 and are shown graphically in Fig. 5. A marked deviation from the
parabolic shape predicted by the Morrissey systematics [8] is clearly visible
above a mass difference of 15 units between fragment and projectile.
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model[25]. The full curve has been obtained by fitting the constant σ0 in Goldhaber’s
model to the present data (see text).

3.2 Momentum distributions

As mentioned earlier, the momentum distributions for each isotope result di-
rectly from Gaussian fits to the reconstructed Bρ distributions such as the one
shown in Fig. 3. The resulting laboratory momenta are then transformed to
the projectile system. As it is well known, the centroid values are small (on the
order of 100-200 MeV/c), i.e. the fragments have practically the same velocity
as the projectile beam. The central momenta decrease approximately linearly
with mass loss from the projectile, with a slope similar to what can be found
in the Morrissey systematics [8]. Since the error bars in our measurements
are rather large, and do not give more insight than what can be found in the
literature, we do not discuss this observable here.

The σ widths of the longitudinal momentum distributions, σ(p||), are listed
in Table 2 and are shown graphically in Fig. 5. A marked deviation from the
parabolic shape predicted by the Morrissey systematics [8] is clearly visible
above a mass difference of 15 units between fragment and projectile.
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σ(PL) ← PFermi of removed nucleons
A.S. Goldhaber, Phys. Lett. B 53 (1974) 244.
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3.2 Momentum distributions

As mentioned earlier, the momentum distributions for each isotope result di-
rectly from Gaussian fits to the reconstructed Bρ distributions such as the one
shown in Fig. 3. The resulting laboratory momenta are then transformed to
the projectile system. As it is well known, the centroid values are small (on the
order of 100-200 MeV/c), i.e. the fragments have practically the same velocity
as the projectile beam. The central momenta decrease approximately linearly
with mass loss from the projectile, with a slope similar to what can be found
in the Morrissey systematics [8]. Since the error bars in our measurements
are rather large, and do not give more insight than what can be found in the
literature, we do not discuss this observable here.

The σ widths of the longitudinal momentum distributions, σ(p||), are listed
in Table 2 and are shown graphically in Fig. 5. A marked deviation from the
parabolic shape predicted by the Morrissey systematics [8] is clearly visible
above a mass difference of 15 units between fragment and projectile.
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σ0 = 98.2 ± 0.2 MeV/c

σ(PL) ← PFermi of removed nucleons
A.S. Goldhaber, Phys. Lett. B 53 (1974) 244.
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3.2 Momentum distributions

As mentioned earlier, the momentum distributions for each isotope result di-
rectly from Gaussian fits to the reconstructed Bρ distributions such as the one
shown in Fig. 3. The resulting laboratory momenta are then transformed to
the projectile system. As it is well known, the centroid values are small (on the
order of 100-200 MeV/c), i.e. the fragments have practically the same velocity
as the projectile beam. The central momenta decrease approximately linearly
with mass loss from the projectile, with a slope similar to what can be found
in the Morrissey systematics [8]. Since the error bars in our measurements
are rather large, and do not give more insight than what can be found in the
literature, we do not discuss this observable here.

The σ widths of the longitudinal momentum distributions, σ(p||), are listed
in Table 2 and are shown graphically in Fig. 5. A marked deviation from the
parabolic shape predicted by the Morrissey systematics [8] is clearly visible
above a mass difference of 15 units between fragment and projectile.
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σ0 = 98.2 ± 0.2 MeV/c

σ(PL) ← PFermi of removed nucleons
A.S. Goldhaber, Phys. Lett. B 53 (1974) 244.

σ(PL) ~ σ(PT)



PL dist. at E ~ 100 MeV/u
- Asymmetric longitudinal distribution

σ(PHigh) < σ(PLow) 

40Ar (90 MeV/u) + 9Be → 30MgM. NOTANI et al. PHYSICAL REVIEW C 76, 044605 (2007)

FIG. 3. Typical fragment momentum distribution and fitting
results for the momentum distribution of 30Mg data. The fitting result
with a Gaussian function (dotted curve) shows the clearly asymmetric
feature of the experimental data. The solid curve indicates a fitting
result with the asymmetric Gaussian function.

B. Fitting procedure

Momentum distributions of fragments have information
useful for understanding the reaction mechanisms. At rel-
ativistic energies, the projectile fragments have symmetric
momentum distributions fitted to a Gaussian form. The width
has been discussed with respect to the Fermi motion of
nucleons or temperatures of pre-fragments [12].

The results obtained in the present work are different
from those at relativistic energies. Figure 3 shows a typical
momentum distribution of this experiment. Comparing the
momentum distribution fitted with a Gaussian function (dotted
curve), one clearly observes an asymmetric feature of the
distribution. The momentum distributions of projectile-like
fragments produced at intermediate energies are generally
asymmetric with a tail on the low-momentum side [17].

To deduce the most probable momentum and width from
such skewed shapes, the momentum distributions have been
fitted with several kinds of trial functions [17–19]. Since phys-
ical models have not been established for the low-momentum
tail, it is unclear what kind of functions are appropriate to use.
To study systematics of the low-momentum tail, the following
asymmetric function with four free parameters is applied for
the present data fitting:

d2σ

dPd"
(θ = 0◦) =






A exp
[
− (P − P0)2

2σ 2
L

]
for P ! P0,

A exp
[
− (P − P0)2

2σ 2
H

]
for P " P0,

(4)

where P0 is the most probable peak value of momentum in the
distribution and σL and σH are the momentum width in the
low- and high-energy sides, respectively.

In this fitting procedure, the maximum likelihood method
was used to treat the small statistics at the tails of the distri-
butions. The result of fitting with the asymmetric Gaussian
function is shown by the solid curve in Fig. 3.

By means of this method, we obtained fitting results of the
momentum distribution for all the isotopes present in our data,

(a)

(b)

FIG. 4. Typical fragment momentum distributions for (a) 10Be
and (b) 30Mg produced in the Ar + Be reaction. The fitting results
are also shown with solid curves. The light fragment of 10Be
has two components (dashes curves), HE and LE; the heavy
fragment of 30Mg has one component, corresponding to the HE
component. The HE component for each isotope has a low-
momentum tail and the symmetric parts are shown with dotted
curves.

though there is another kind of complexity in a few cases. We
found two components in the momentum distributions of very
light fragments only for the Be-target data. Figure 4 shows
the momentum distributions of the 10Be and 30Mg isotopes
from the Be-target data. Both distributions are scaled as a
function of velocity (β). The two arrows in the figure indicate
the velocities of projectile (βproj) and center-of-mass system
(βc.m.), respectively. In the distribution of 30Mg [Fig. 4(b)],
a single component is observed near the projectile velocity
(βproj). However, the 10Be distribution [Fig. 4(a)] shows two
components at βproj and βc.m.. Here, the component around
βproj is defined as a high-energy side of the peak (HE) and
that around βc.m. as a low-energy side of the peak (LE). We
made an attempt to fit the data using the asymmetric Gaussian
function for the HE component and a Gaussian function for the
LE component. The fitting results are drawn with solid curves.
The LE component decreases very quickly with increasing
fragment mass number. No significant LE component has been
observed for heavy fragments such as the 30Mg data. Our
data show clearly the LE component for the fragments with
A of 9–12. The LE component has been observed for light
fragments in the Ar + Be reaction, whereas the LE component
has not been found in the momentum distributions of Ar + Ta
reaction data in the momentum region where the experimental
data were taken. When a light fragment such as 10B is produced
in the Ar + Ta reaction, the impact parameter is much larger
than in the case of the Ar + Be reaction. Thus, we found the
LE component only for the Ar + Be system. Since we focus
on the projectile fragmentation reaction, we discuss mainly the
HE component in this paper.

044605-4

M. Notani et al., PRC 76 (2007) 044605.
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B. Fitting procedure

Momentum distributions of fragments have information
useful for understanding the reaction mechanisms. At rel-
ativistic energies, the projectile fragments have symmetric
momentum distributions fitted to a Gaussian form. The width
has been discussed with respect to the Fermi motion of
nucleons or temperatures of pre-fragments [12].

The results obtained in the present work are different
from those at relativistic energies. Figure 3 shows a typical
momentum distribution of this experiment. Comparing the
momentum distribution fitted with a Gaussian function (dotted
curve), one clearly observes an asymmetric feature of the
distribution. The momentum distributions of projectile-like
fragments produced at intermediate energies are generally
asymmetric with a tail on the low-momentum side [17].

To deduce the most probable momentum and width from
such skewed shapes, the momentum distributions have been
fitted with several kinds of trial functions [17–19]. Since phys-
ical models have not been established for the low-momentum
tail, it is unclear what kind of functions are appropriate to use.
To study systematics of the low-momentum tail, the following
asymmetric function with four free parameters is applied for
the present data fitting:
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where P0 is the most probable peak value of momentum in the
distribution and σL and σH are the momentum width in the
low- and high-energy sides, respectively.

In this fitting procedure, the maximum likelihood method
was used to treat the small statistics at the tails of the distri-
butions. The result of fitting with the asymmetric Gaussian
function is shown by the solid curve in Fig. 3.

By means of this method, we obtained fitting results of the
momentum distribution for all the isotopes present in our data,
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FIG. 4. Typical fragment momentum distributions for (a) 10Be
and (b) 30Mg produced in the Ar + Be reaction. The fitting results
are also shown with solid curves. The light fragment of 10Be
has two components (dashes curves), HE and LE; the heavy
fragment of 30Mg has one component, corresponding to the HE
component. The HE component for each isotope has a low-
momentum tail and the symmetric parts are shown with dotted
curves.

though there is another kind of complexity in a few cases. We
found two components in the momentum distributions of very
light fragments only for the Be-target data. Figure 4 shows
the momentum distributions of the 10Be and 30Mg isotopes
from the Be-target data. Both distributions are scaled as a
function of velocity (β). The two arrows in the figure indicate
the velocities of projectile (βproj) and center-of-mass system
(βc.m.), respectively. In the distribution of 30Mg [Fig. 4(b)],
a single component is observed near the projectile velocity
(βproj). However, the 10Be distribution [Fig. 4(a)] shows two
components at βproj and βc.m.. Here, the component around
βproj is defined as a high-energy side of the peak (HE) and
that around βc.m. as a low-energy side of the peak (LE). We
made an attempt to fit the data using the asymmetric Gaussian
function for the HE component and a Gaussian function for the
LE component. The fitting results are drawn with solid curves.
The LE component decreases very quickly with increasing
fragment mass number. No significant LE component has been
observed for heavy fragments such as the 30Mg data. Our
data show clearly the LE component for the fragments with
A of 9–12. The LE component has been observed for light
fragments in the Ar + Be reaction, whereas the LE component
has not been found in the momentum distributions of Ar + Ta
reaction data in the momentum region where the experimental
data were taken. When a light fragment such as 10B is produced
in the Ar + Ta reaction, the impact parameter is much larger
than in the case of the Ar + Be reaction. Thus, we found the
LE component only for the Ar + Be system. Since we focus
on the projectile fragmentation reaction, we discuss mainly the
HE component in this paper.

044605-4

M. Notani et al., PRC 76 (2007) 044605.

How about at E ~ 300 MeV/u?



PT dist. at E ~ 100 MeV/u
- Additional dispersion found in PT

16O (92.5 MeV/u) + 27Al, 197Au

K. Van Bibber et al., PRL 43 (1979) 840.

Anisotropy induced by orbital 
dispersion
! σ(PL) < σ(PT) 

Empirical formulation
K. Van Bibber et al., Phys. Rev. Lett. 43 (1979) 840.



PT dist. at E ~ 100 MeV/u
- Additional dispersion found in PT

16O (92.5 MeV/u) + 27Al, 197Au

K. Van Bibber et al., PRL 43 (1979) 840.

Anisotropy induced by orbital 
dispersion
! σ(PL) < σ(PT) 

Empirical formulation
K. Van Bibber et al., Phys. Rev. Lett. 43 (1979) 840.

Poor systematic measurements



PT dist. at E ~ 100 MeV/u
- Orbital deflection in case of heavy target

36Ar (100 MeV/u) + 197Au → 35Ar

K. Matsuta et al., NP A701 (2002) 383c.

Off-centered distribution
↑

Orbital deflection caused 
by Coulomb repulsion



PT dist. at E ~ 100 MeV/u
- Orbital deflection in case of heavy target

36Ar (100 MeV/u) + 197Au → 35Ar

K. Matsuta et al., NP A701 (2002) 383c.

Off-centered distribution
↑

Orbital deflection caused 
by Coulomb repulsion

Target, E dependence



Evaluation of σProd.

•Theoretical calculation
   ex." A) ABRABLA!: abrasion-ablation model
" " " J.J. Gaimard et al., Nucl. Phys. A 53 I ( 1991) 709.

! ! B) QMD, AMD .....

•Empirical formulation
   ex.! EPAX! : Based on high-E spallation
" " " K. Sümmerer et al., Phys. Rev. C 61 (2000) 034607.

Simple and good for rough estimation

Time consuming, ambiguity of model



Evaluation of σProd.

•Theoretical calculation
   ex." A) ABRABLA!: abrasion-ablation model
" " " J.J. Gaimard et al., Nucl. Phys. A 53 I ( 1991) 709.

! ! B) QMD, AMD .....

•Empirical formulation
   ex.! EPAX! : Based on high-E spallation
" " " K. Sümmerer et al., Phys. Rev. C 61 (2000) 034607.

E, target dependence
Contribution of nucl. structure

Simple and good for rough estimation

Time consuming, ambiguity of model



Experimental 
setup
•HIMAC@NIRS! 290 MeV/u
•RRC@RIKEN! 90, 95 MeV/u



Experiments
- RIKEN & NIRS

•RRC+RIPS
PL dist.(Machine study)
! Beam! : 40Ar! @90 MeV/u
! Target!: 9Be
PT dist. (r280n)
! Beam! : 40Ar! @95 MeV/u
! Target!: 9Be

•HIMAC+SB2
PL dist., PL dist. (P078, P178)
! Beam! : 40Ar, 84Kr@290 MeV/u
! Target!: 12C,  27Al,  93Nb,  159Tb,  197Au

S. Momota et al., Nucl. Phys. A746, 407c (2004).
M. Notani et al., Phys. Rev. C 76, 044605 (2007).

S. Momota et al., Eur. Phys. J. Special Topics 150, 315–316 (2007).
S. Momota et al., to be published in J. of Korean Phys. Soc.
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HIMAC facility at NIRS
- dedicated for cancer therapy

Ion 
source

Synchrotron

LINAC

40Ar, 84Kr  were accelerated up to 
290 MeV/u by synchrotron.



HIMAC facility at NIRS
- dedicated for cancer therapy

Ion 
source

Synchrotron

LINAC

40Ar, 84Kr  were accelerated up to 
290 MeV/u by synchrotron.

Experiment
hall

PLFs were produced and identified by 
HEBT system, used as ISOL-ON.
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Fragment separator
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Prod. target

D2
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TOF
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PL-Dist



Fragment separator

D1

Prod. targetCurrent 
monitor

D2

F1

F3

TOF : Start

TOF

dE
TOF : Stop

PL-Dist



Angular (PT) distribution
Prod. target

Current
monitor

Primary beam



Angular (PT) distribution
Prod. target

Current
monitor

Primary beam

Swinger magnet

PT = PL sinθ



Particle identification
• 84Kr + 159Tb → AZ + X

B=99.0 ± 0.25%, θ = 16 ± 4 mrad
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PL distribution
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Analysis of PL distributions
• 40Ar+93Nb → 20Ne • 84Kr+12C → 43Ca
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σ(PL)=σHigh  if PL > P0
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Asymmetry in PL distributions
• 40Ar+93Nb → AZ

•GH model is valid for σHigh.
•σLow /σHigh = 120~130 %.
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Asymmetric PL distributions
- Target dependence

•93Nb
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Asymmetric PL distributions
- E dependence

• 40Ar+12C (290 MeV/u)
800
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(a)

(b)

FIG. 9. Momentum widths at high-momentum side (Ta target) for
(a) σH and (b) reduced widths according to the Goldhaber model.

97.4 ± 1.8stat ± 7.8sys MeV/c for the Ta target, respectively.
No significant difference between the targets was observed in
the high-momentum side widths. The light fragments Af < 13
produced by using the Be target show a slight deviation from
the Goldhaber model. The deviation originates from the LE
component and the fitting function to be used. To avoid a
digression from the main purpose, we do not discuss this
deviation further. These results are in good agreement with
high-energy experiments [12].

At relativistic energies, the reduced width σ0 is independent
of the primary beam energy. At lower energies, the reduction of
σ0 has been observed [33]. The reduction mechanism has been
discussed in several theoretical works, where, for example,
Pauli blocking is suggested. Because of this effect, σ0 has
an energy dependence at 30–40A MeV [29,34] and becomes
constant up to 90A MeV. The fact that the measured σ0 is the
same as the high-energy one is consistent with this picture.

C. Low-momentum side width

The results of momentum width at the low-momentum
side are shown in Fig. 10. The widths of the low-momentum

(a)

(b)

FIG. 10. Momentum widths at low-momentum side by using
(a) the Be target and (b) the Ta target. The solid lines in both figures
are the linear fits of the Ta target data. The experimental results (σL)
and the fitting lines are located far from a prediction of the Goldhaber
model. The isotope chains of experimental data are also drawn as
solid lines.

side, σL, are plotted as a function of fragment mass with
their statistical errors. We compared the results with the
high-momentum side width σH . Instead of showing individual
data of σH , the dashed curve calculated with the Goldhaber
model is presented. The systematic error of σL is estimated to
be 8%, which is not shown in the figure.

In the Be-target data, each isotope chain has a mountain-
style structure (solid curves). However, the low-momentum
widths σL of the Ta data may have no such structure. One
can understand the deviation as a target thickness effect.
Another reason for the mountain-style structure should be
noted. The momentum distribution of light fragments has
the LE component at the low-momentum side only for the
9Be target data. In the fitting procedure with an asymmetric
Gaussian-like function, the LE component may also affect
the results. Therefore, the mountain-style structure of σL for
fragment mass should be ignored and treated as a systematic
error.

044605-8

• 40Ar+9Be@95 MeV/u Notani et al.
M. Notani et al., PRC 76 (2007) 044605.

• 40Ar+9Be (90 MeV/u)

• Broadening effect is suppressed 
compared with lower energy reaction.
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Asymmetry in PL distributions
- Ar and Kr beam

800

600

400

200

0

!(
P /

/) 
(M

eV
/c

)

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

! L
ow

/ !
H

ig
h

806040200
AF

 !Low
 !High

"Ratio < 0.5

C

•40Ar+12C •84Kr+12C
600

500

400

300

200

100

0

!(
P /

/) 
(M

eV
/c

)

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

! L
ow

/!
H

ig
h

403020100
AF

 !Low
 !High

"Ratio < 0.5



Reduced width : σ0
• 40Ar+93Nb → AZ
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• GH formulation is valid for σHigh.
• σo obtained from σHigh is ~ 110 MeV/c.



Reduced width : σ0
• 40Ar+93Nb → AZ
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• σo obtained from σHigh is ~ 110 MeV/c.

• 84Kr+12C → 43Ca
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• GH formulation is valid only for heavy PLFs.
• σo is slightly larger than that for Ar-beam.



Reduced width : σ0
- Target dependence
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Reduced width : σ0
- E dependence
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Reduced width : σ0
- E dependence
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Parametrization of σ0
- Based on observed systematics

Tripathi et al., Phys. Rev. C 49 (1994) 2237.
12C, 16O" (1, 2 GeV/u)" : Greiner" @1975
139La "" (1.2 GeV/u)" : Brady" @1988
40Ar " " (213 MeV/u)" : Viyogi" @1979
197Au " (1 GeV/u)" " : Dreute" @1991

Formulation proposed by Tripathi



Parametrization of σ0
- Based on observed systematics

Tripathi et al., Phys. Rev. C 49 (1994) 2237.
12C, 16O" (1, 2 GeV/u)" : Greiner" @1975
139La "" (1.2 GeV/u)" : Brady" @1988
40Ar " " (213 MeV/u)" : Viyogi" @1979
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Parametrization of σ0
- Energy dependence
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Velocity shift
• 40Ar+93Nb → 20Ne
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Velocity shift
• 40Ar+93Nb → 20Ne
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Velocity shift
- In case of Ar-beam

• 40Ar+27Al → AZ
400

300

200

100

0

-100

-!
P

L
 (

M
e
V

/c
)

403020100

AF

Ar+Al



Velocity shift
- In case of Ar-beam

• 40Ar+27Al → AZ
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• -ΔPL distribution shows parabolic shape and become its maximum 
300 MeV/c at AF ~ 25.

• Morrissey/Kaufman formulation is probable for heavier PLFs.



Velocity shift
- Kr-beam
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• -ΔPL distribution shows parabolic shape and become its maximum 
700 MeV/c at AF ~ 50.

• Morrissey/Kaufman formulation is probable for heavier PLFs.

• 84Kr+12C → AZ
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Acceleration effect
- at E = 90 MeV/u

• 40Ar+9Be → 9Be



Acceleration effect
- Tool to investigate EOS

J. Benlliure et al., NP A 734 (2004) 609.

612 J, Benlliure et al. /Nuclear Physics A734 (2004) 609-612 
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Figure 2. Mean value of the velocity distri- 
butions in the frame of the projectile of pro- 
jectile residues produced in the reactions 
238U(1 A GeV)+Ti[5] (dark symbols) and 
238U(1 A GeV)+Pb[4] (light symbols) as a 
function of their mass loss. 
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Figure 3. Mean value of the velocity distri- 
butions in the frame of the projectile of pro- 
jectile residues produced in the reactions 
208Pb(500 A MeV)+Ti (dark symbols) and 
208Pb(1000 A MeV)+Ti (light symbols) as 
a function of their mass loss. 

1000 A MeV with two different targets, titanium (dark symbols) and lead (light symbols)), 
and with the energy of the projectile (Fig.3 where we compare the mean velocities of the 
residues produced in the reactions induced by ‘O*Pb projectiles on titanium at two different 
energies, 500 A MeV (dark symbols) and 1000 A MeV (light symbols)). 

4. CONCLUSION 

High precision measurements using a high-resolving power magnetic spectrometer show 
a clear post-acceleration effect of light-fragmentation residues produced in relativistic 
heavy-ion reactions. The observed effect depends on both the size of the colliding nuclei 
and the energy of the beam. This effect is interpreted as the response of the projectile 
spectator to the participant blast postulated by Shi and collaborators [2]. According to 
these calculations the observation of the post-acceleration would suggest a momentum 
dependence of the nuclear interaction. The confirmation of these conclusions with ded- 
icated model calculations will demonstrate the validity of the kinematical properties of 
spectator residues as a new powerful observable to investigate the momentum dependence 
of the nuclear mean field independently of the stiffness of the equation of state. 
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PT distribution



PT distribution

Dispersion would 
depend on PL.

1) Contamination of 
another process

2) Orbital deflection 
with heavy target

Off-centered PT dist. 



Meas. of PT distribution
- as a function of PL
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Meas. of PT distribution
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Correlation between σT and PL
- 40Ar+9Be@95 MeV/u
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Correlation between σT and PL
- 84Kr+12C@290 MeV/u
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Correlation between σT and PL
- Analysis by linear function

Fitting function : 
σT = k0 + k1ΔP

σT  decrease monotonously.
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Correlation between σT and PL
- Analysis by linear function

Fitting function : 
σT = k0 + k1ΔP

σT  decrease monotonously.
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Dispersion of PT at P0
- 40Ar beam

• 40Ar+9Be@95 MeV/u • 40Ar+27Al@290 MeV/u
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In case of Ar beam with light targets, 
! 1) PT distribution is well reproduced only by GH formulation.
! 2) σT ~ σHigh
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Dispersion of PT at P0
- 84Kr beam
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In case of Kr beam with light targets, 
! PT distribution is narrower than PL distribution.
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In case of heavier target
• 40Ar+Al, Nb, Tb, Au →39Cl
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In case of heavier target
• 40Ar+Al, Nb, Tb, Au →39Cl

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

P
ro

d
. 

R
a

te
 (

A
rb

. 
U

n
it
)

160012008004000
PT (MeV/c)

 GH
 GH+Bibber

Al

• With heavy target, orbital-deflection effect is 
expected.



In case of heavier target
• 40Ar+Al, Nb, Tb, Au →39Cl
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grows with PT. 

• With heavy target, orbital-deflection effect is 
expected.
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Analysis of PT distribution
- Evaluation of deflection effect

• 84Kr+Au →83Br
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! fitting to provide A, Δ(PT).
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- Evaluation of deflection effect
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Orbital-deflection effect
- Target dependence with Ar-beam
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• The orbital-deflection effect grows with target mass.
• The target effect is remarkable for PLFs with AT > 20.
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Orbital-deflection effect
- Ar, Kr + Au

• 84Kr+197Au
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• The orbital-deflection effect is similar for Ar- 
and Kr-beam.

• The large fluctuation is found at AT = 30 ~ 60.

• 40Ar+197Au



Orbital-deflection effect
- Ar, Kr + Au

• 84Kr+197Au
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• The fluctuation comes from isotopic drift.



Participant blast effect in PT dist.?

Acceleration

Additional deflection

For light/intermediate fragments



σProd. of fragment



How to obtain σProd
- Consideration of ang. acpt.

Prod. rate at 0 deg. in limited ang. acpt.
! ! → Integration assuming reliable PT distributions



How to obtain σProd
- Consideration of ang. acpt.

Prod. rate at 0 deg. in limited ang. acpt.
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If GH + Bibber is assumed, Actually...
Ex. 40Ar + 197Au → 39Cl

Spuriously underestimated σProd 
would be provided. 



How to obtain σProd
- Integration along PL
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σProd. at E = 90 MeV/u
- 40Ar + 9BeM. NOTANI et al. PHYSICAL REVIEW C 76, 044605 (2007)

FIG. 12. Measured cross sections pre-
sented as isotope distributions for 3 ! Z ! 14
elements detected in 40Ar + 9Be reactions at
90 MeV/nucleon. Experimental fragmentation
data are shown as filled circles. EPAX predic-
tions are shown as solid curves.

The σL was assumed to be 400 ± 60sys MeV/c. This value was
obtained from the systematics as shown in Fig. 10.

The fitting result is shown as a dotted curve in Fig. 11.
The peak of the momentum distribution corresponds to
83.9A MeV. The primary beam energy was measured as
87.5A MeV, and so the momentum peak shift was obtained as
3.6 ± 1.2A MeV.

The measured momentum peak shows clearly a larger shift
toward the low-momentum side, compared with that of the
same mass number, ∼0.9A MeV. The large momentum shift
of transfer-like fragments was also observed in the fragments
of 37−40K requiring a proton pick-up process in production.

E. Target dependence of cross sections

The target dependence of cross sections was investigated
with the results of our experiments. We have obtained the
cross sections over a wide range of fragment charges for each
fragment mass with small statistical and systematic errors, and
for the same projectile (40Ar) with two sets of targets (9Be and
181Ta). All the measured cross sections are shown in Figs. 12
and 13, so we can investigate the validity of factorization for
fragmentation reactions at intermediate energies.

Figure 14 shows the ratios of cross sections for a fragment
in Ar + Ta reactions to those in Ar + Be reactions. The cross
sections are normalized with the experimental mass yield

FIG. 13. Measured cross sections presented
as isotope distributions for 3 ! Z ! 19 ele-
ments detected in 40Ar + 181Ta reactions at 94
MeV/nucleon. Experimental fragmentation data
are shown as filled circles. EPAX predictions are
shown as solid curves.

044605-10

M. Notani et al., PRC 76 (2007) 044605.
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FIG. 12. Measured cross sections pre-
sented as isotope distributions for 3 ! Z ! 14
elements detected in 40Ar + 9Be reactions at
90 MeV/nucleon. Experimental fragmentation
data are shown as filled circles. EPAX predic-
tions are shown as solid curves.

The σL was assumed to be 400 ± 60sys MeV/c. This value was
obtained from the systematics as shown in Fig. 10.

The fitting result is shown as a dotted curve in Fig. 11.
The peak of the momentum distribution corresponds to
83.9A MeV. The primary beam energy was measured as
87.5A MeV, and so the momentum peak shift was obtained as
3.6 ± 1.2A MeV.

The measured momentum peak shows clearly a larger shift
toward the low-momentum side, compared with that of the
same mass number, ∼0.9A MeV. The large momentum shift
of transfer-like fragments was also observed in the fragments
of 37−40K requiring a proton pick-up process in production.

E. Target dependence of cross sections

The target dependence of cross sections was investigated
with the results of our experiments. We have obtained the
cross sections over a wide range of fragment charges for each
fragment mass with small statistical and systematic errors, and
for the same projectile (40Ar) with two sets of targets (9Be and
181Ta). All the measured cross sections are shown in Figs. 12
and 13, so we can investigate the validity of factorization for
fragmentation reactions at intermediate energies.

Figure 14 shows the ratios of cross sections for a fragment
in Ar + Ta reactions to those in Ar + Be reactions. The cross
sections are normalized with the experimental mass yield

FIG. 13. Measured cross sections presented
as isotope distributions for 3 ! Z ! 19 ele-
ments detected in 40Ar + 181Ta reactions at 94
MeV/nucleon. Experimental fragmentation data
are shown as filled circles. EPAX predictions are
shown as solid curves.

044605-10

M. Notani et al., PRC 76 (2007) 044605.

Over estimation for n(p)-rich fragments
How about at E = 290 MeV/u?



σProd. at E = 290 MeV/u
- 40Ar (290 MeV/u) + 12C
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Energy dependence
- 40Ar (290 MeV/u) + 9Be, 12C
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Contribution of nucl. structure
- Paring, Shell effect
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σProd. with Kr-beam

Measured and analysis in progress



Modification of EPAX
- 86Kr (64 MeV/u) + 9Be, 181Ta M. Mocho et al., PRC 76 (2007) 014609.

Mass yield Optimization of EPAX



Modification of EPAX
- 86Kr (64 MeV/u) + 9Be, 181Ta

PT distribution is assumed to be a simple Gaussian.

If the orbital deflection is considered, ...

M. Mocho et al., PRC 76 (2007) 014609.

Mass yield Optimization of EPAX



Conclusions
At E = 90, 290 MeV/u
•PL distribution
! Lower side : contribution of other reaction processes
! Higher side: well reproduced by Goldhaber formulation. 

•PT distribution
! @95 MeV/u : contribution of other reaction processes 
! @290 MeV/u 
! ! Light targets : No additional dispersion
! ! Heavy targets: Orbital deflection effect 
•Production cross sections 
! Contribution of nuclear structure
! Careful consideration to PT distribution
! Development of formulation/HI transport code
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