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Projectile fragmentation process
•E ≧ 100 MeV/u
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Projectile fragmentation process
•E ≧ 100 MeV/u
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Momentum
• The shift and width of momentum distribution are small.

• Well defined velocity -> can be used as secondary beam.
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PL distributions
• Width : σ(P//)

Fermi momentum of removed nucleons
A.S. Goldhaber, Phys. Lett. B 53 (1974) 244.

σGH = σ0
AF(AP − AF)

AP −1
, σ0 ~ 100[MeV/c]

σ0 = 98.2 ± 0.2 MeV/c
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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.

8

36Ar(1.05 GeV/u) + Be

M. Caamano et al, Nucl. Phys. A 733 (2004) 187.
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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

40Ar(90MeV/u) + Ar

M. Notani et al., PR C 76 (2007) 044605.
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model to the present data (see text).
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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
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above a mass difference of 15 units between fragment and projectile.

8

36Ar(1.05 GeV/u) + Be

M. Caamano et al, Nucl. Phys. A 733 (2004) 187.

M. 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
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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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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

40Ar(90MeV/u) + Ar

M. Notani et al., PR C 76 (2007) 044605.

S. Momota  ND2010, Jeju, South Korea (2010.04.29)

Not so many measurements at intermediate energies.

2010年4月29日木曜日



PT distributions
• Width : σ(P⊥)

•At high energy : E > 1 GeV/u
Isotropic, σ(P⊥) ~ σ(P//)

•At lower energy : E < 100 MeV/u
anisotropic, σ(P⊥) > σ(P//)
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PT distributions
• Width : σ(P⊥)

σ (P⊥ ) = σ (P// )
2 +

AF(AF −1)
AP(AP −1)

σD0
2

σ0 = 195[MeV/c]

16O(~100 MeV/u) + Al, Au

Orbital dispersion
K. Van Bibber et al., Phys. Rev. Lett. 43 (1979) 840.

•At high energy : E > 1 GeV/u
Isotropic, σ(P⊥) ~ σ(P//)

•At lower energy : E < 100 MeV/u
anisotropic, σ(P⊥) > σ(P//)
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HIMAC facility at NIRS
• Synchrotron dedicated to cancer therapy

S. Momota  ND2010, Jeju, South Korea (2010.04.29)

2010年4月29日木曜日



HIMAC facility at NIRS
• Synchrotron dedicated to cancer therapy

40Ar, 84Kr  were accelerated up to 
290 MeV/u by synchrotron.
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HIMAC facility at NIRS
• Synchrotron dedicated to cancer therapy

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

PLFs were produced and identified by 
HEBT system, used as ISOL-ON.
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Production and identification 

D1

D2

F1

F2 (F3)

Beam : 40Ar, 84Kr  290 MeV/u
Target : 12C,  27Al,  93Nb,  159Tb,  197Au

Acceptance of ISOL : 
 ΔP/P0 =  1.0% (Ar) / 0.5% (Kr)

 Δθx = Δθy = 26 mrad  PL dist.
          8 mrad  PT dist.
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Time of flight
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Production and identification 

D1

D2

F1

F2 (F3)

Current monitor

Beam : 40Ar, 84Kr  290 MeV/u
Target : 12C,  27Al,  93Nb,  159Tb,  197Au

Acceptance of ISOL : 
 ΔP/P0 =  1.0% (Ar) / 0.5% (Kr)

 Δθx = Δθy = 26 mrad  PL dist.
          8 mrad  PT dist.
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Identification of PLFs
• 84Kr + 12C → AZ + X : B=82.5%
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Analysis of PL distributions
• 40Ar+93Nb → 20Ne • 84Kr+12C → 43Ca
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Width of PL distributions
• 40Ar+93Nb → AZ
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• GH formulation is valid for σHigh.
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Width of PL distributions
• 40Ar+93Nb → AZ
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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.

• Broadening effect is suppressed compared 
with lower energy reaction.
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Width of PL distributions
• 40Ar+93Nb → AZ
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• σLow/σHigh is about 20 %.
• GH formulation is valid for σHigh.
• σo obtained from σHigh is ~ 110 MeV/c.

• 84Kr+12C → 43Ca
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 Goldhaber
 Morrissey

• σLow/σHigh is  about 20 %.
• GH formulation is valid only for heavy PLFs.
• σo is slightly larger than that for Ar-beam.
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Reduced width : σ0
• Target dependence
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• σ0 is independent on target nuclei.
• σ0(Kr) is larger than σ0(Ar). 
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Reduced width : σ0
• Energy dependence
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• σ0 is constant at E = 100 ~ 1000 
MeV/u.

S. Momota  ND2010, Jeju, South Korea (2010.04.29)

2010年4月29日木曜日



Reduced width : σ0
• Energy dependence
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• σ0 is energy dependent for at E = 
40 ~ 500 MeV/u.
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Deceleration effect : Ar-beam
• 40Ar+27Al → AZ
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Deceleration effect : 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.
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Deceleration effect : 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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Observed PT distribution
• 40Ar+Al, Nb, Tb, Au →39Cl
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• In case of light target, PT distribution is well 
reproduced by previously proposed formulation.
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Observed PT distribution
• 40Ar+Al, Nb, Tb, Au →39Cl
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• With heavy target, orbital-deflection effect is 
expected.

• In case of light target, PT distribution is well 
reproduced by previously proposed formulation.

S. Momota  ND2010, Jeju, South Korea (2010.04.29)

2010年4月29日木曜日



Observed PT distribution
• 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

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

Nb

Tb

Au

observed !!
Deflection effect 
grows with PT. 

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

• In case of light target, PT distribution is well 
reproduced by previously proposed formulation.
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Analysis of PT distribution
• 84Kr+Au →83Br
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Analysis of PT distribution
• 84Kr+Au →83Br
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Analysis of PT distribution
• 84Kr+Au →83Br
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Width of PT distributions
• PFLs produced from 84Kr + Al
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• PT distribution is successfully analyzed with ΔPT = 0.
• For light target, σT can be reproduced by σT2 = σGH2 + σBibber2.
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Width of PT distributions
• PFLs produced from 84Kr + Al
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• PT distribution is successfully analyzed with ΔPT = 0.
• For light target, σT can be reproduced by σT2 = σGH2 + σBibber2.
• σT2 = σGH2 + σBibber2 is assumed to be valid for heavier target.
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Orbital-deflection effect
• PFLs produced from 40Ar-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
• PFLs from Kr+Au
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• The orbital-deflection effect is similar for Ar- 
and Kr-beam.

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

• PFLs from Ar+Au
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Orbital-deflection effect
• PFLs from Kr+Au
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• The orbital-deflection effect is similar for Ar- 
and Kr-beam.

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

• PFLs from Ar+Au
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• The fluctuation comes from isotopic drift.
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Be careful, when you use PLF
• produced from heavy target

• in small angle acceptance at forward angle
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you might use the minor part in distribution.
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Conclusions
• PL distribution

• The broadening effect at lower momentum side was observed.
• Target/Energy dependence of reduced momentum width σ0 was 

observed.
• The systematics of the deceleration effect was observed.

• PT distribution
• The orbital-deflection effect (ΔPT) was extracted.
• ΔPT grows with target mass for heavy PLFs.
• The isotopic drift causes the large fluctuation found in ΔPT -systematics.

         More consideration is needed.

• Based on the present results, production cross section 
should be calculated.

S. Momota  ND2010, Jeju, South Korea (2010.04.29)

2010年4月29日木曜日



Motivation

provide physical quantities
 Center/width of distribution
 Prod. cross-section

Nuclear physics
 Reaction mechanism
 Nuclear structure effect

   ex. pairing/shell effect

Analysis

Contribute
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Isotonic distribution of σProd. of 
PFLs produced from Ar-beam

• Systematic measurements of momentum 
distribution of projectile-like fragments (PLFs)
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