
Angular momentum
in projectile fragmentation

Zsolt Podolyák

University of Surrey

High-spin  states

Isomeric beams



M. Thoennessen, B.M. Sherril, Nature 473 (2011) 25

Fragmentation



Fragmentation (spallation) reactions at relativistic energies:

abrasion ablation

multi-hole state

σ
(m

b)

Cross section: measures the end product 
What would give information about abrasion?

Angular (and linear) momentum

H. Alvarez-Pol et al., Phys. Rev. C 82, 041602(R) (2110)



In flight fragmentation (and fission): separation and identification

Fragment Separator (GSI, Darmstadt, Germany)

Ge

Relativistic energy fragmentation:   => heavy ions

Isomeric decay spectroscopy:

- decay correlated with the fragment

- very sensitive



Stopped Rising Array @ GSI: 15 x 7 element 
CLUSTERs

εγ =11% at 1.3 MeV, 20% at 550 keV, 35% at 100 keV 
flight time ~300ns



Highest spin from fragmentation: I=(55/2) isomer in 213Rn

A.M. Denis Bacelar et al., Phys. Lett. B 723, 302 (2012)



Isomeric ratio
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Spin-cutoff parameter:
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Isomers are special



M. Bowry et al., Phys. Rev. C 88, 024611 (2013)

Isomeric ratios from 208Pb and 238U fragmentation



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)
238U beam

Isomeric ratio vs spin



E.Simpson et al., Phys. Rev. C 80 (2009) 064608.

Population of isomers by two-proton knockout reaction in 206Hg

Total

10+

5- (with feeding)

Isomeric ratios         fig.

Exp.          Theory

3(1)%          4.7 

22(+1-2)%   18.8



E. Simpson et al., Phys. Rev. C 87 (2010) 037602

Isomeric ratio as function of longitudinal momentum

5- isomer
Fully stripped ions (S2
H-like ions (S2-S4)

(3.1%=difference between

experiment and theory;

additional feeding?)

Thick target



Statistical abrasion-ablasion model
(ABRABLA code)

Excitation energy

~27 MeV/abrated nucleon=

=2 x single particle (holes) energy

Ablated nuclei/abraded nuclei ~2

Good cross sections

Angular momentum

from single particle

states only

M. De Jong, A.V. Ignatyuk and K.-H. Schmidt, Nucl. Phys. A 613 (1997) 435

Is this good enough?

if Aprojectile-Afragment~large



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)

Comparison with theory



Nuclear structure has to be considered

φ = Iisomer/(I parallel+I isomer) = Iisomer / I total

ρexp=Rexp /φ

ρexp - the probability of populating states with 

higher spin than the isomer – can be compared with theory!

196Pb: A.K.Singh et al., Nucl. Phys. A707 (2002) 3

186W(16O,6n) at 110 MeV; 170Er(30Si,4n) at 144 MeV

fusion-evaporation reaction!

196Pb

270 ns    2.7 MeV 12+



Without structure considerations



Zs. P. , Acta Phys. Pol. B36 (2005) 1269 

OK within a factor of two!

With structure considerations



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)

Comparison with theory
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fragmentation of 238U

Fragments are slower than projectile: momentum shift (friction)

angular momentum produced 
(collective)
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We need to couple: single particle holes I (any direction in 3D)
collective I (2D)

increased high-
spin population 

due

to collective I

single particle only (Analytical) 
formulae; Goldhaber description)single particle + collective



S. Pal and R. Palit, Phys. Lett. B 665 (2008) 164

A.M. Denis Bacelar et al., Phys. Lett. B 723, 302 (2012)

No friction

with‘friction’ and ablasion

Other sources of spin?



M. Bowry (2013) 
A.M. Denis Bacelar (2013)
Zs. Podolyák (2006)

Comparison with theory (sharp cut-off approx.)
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Simplified theory (analytical formula)
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(sharp cut-off approx.)
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Spin-cutoff parameter:

=>



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)



Conclusions

Isomeric ratios from two-particle removal understood

High-spin states are produced with higher probability 

than expected (isomeric beams)

At high-spins the angular momentum from abraded nuclei 

are not enough: contributions from

evaporation, friction, excitations

Reasonable predictability for isomer production

-factor of two if structure is known (I<15hbar)

Thanks!



Collaborators

Thanks!



S. Pal and R. Palit, Phys. Lett. B 665 (2008) 164.

Abrasion  (incl. friction)
(relativistic transport model)
Abrasion+ablation
(+sequential binary decay)

Better agreement





The highlighted points: higher lying isomers decay int

?



Nuclear structure has to be considered

φ = Iisomer/(I parallel+I isomer) = Iisomer  
/ I totalρexp=Rexp /φ

ρexp - the probability of populating states with 

higher spin than the isomer – can be compared with t

196Pb: A.K.Singh et al., Nucl. Phys. A707 (2002) 3

186W(16O,6n) at 110 MeV; 170Er(30Si,4n) at 144 MeV

fusion-evaporation reaction!

196Pb
270 ns    2.7 MeV 12+
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ν=2



Comparison with theory

M. Bowry et al



Fragmentation reaction at relativistic energies

abrasion ablation
multi-hole state

Fragmentation/spallation is (one of the) main 

source(s) of radioactive beams/exotic nuclei



H. Alvarez-Pol et al., Phys. Rev. C 82, 041602(R) (2110)

Cross section: measures the end product 
What would give information about abrasion?

Angular (and linear) momentum
from isomers

How to study fragmentation?

EPAX ABRABLA/COFRA



M. Bowry (2013) 
A.M. Denis Bacelar (2013)
Zs. Podolyák (2006)

238U fragmentation (A~200-210)
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Comparison with theory (sharp cut-off approx.)
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We need to couple: single particle holes I (any direction in 3D)
collective I (2D)

increased high-
spin population 

due

to collective I

single particle only (Analytical) 
formulae; Goldhaber description)single particle + collective



M. Bowry (2012) 
A.M. Denis Bacelar (2011)
Zs. Podolyák (2006)

Comparison with theory (sharp cut-off approx.)
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beam

Passive stopper: 
For isomeric decays, T1/2< 1 ms









Abrasion-ablation model

(1-2/3)
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“sharp cut-off” approximation: ]
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Theory
Abrasion-ablation model

Angular momentum distribution: ABRABLA code (abrasion stage).
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● M. Pfützner et al., Phys. Lett. B444 (1998) 32.

■ M. Pfützner et al., Phys. Rev. C65 (2002) 064604.

K  Gl d i hki  l  Ph  R  C69 (2004) 024617

isomeric ratio:

total

isomer
N

NR exp



R - isomeric ratio

ρ - probability of populating states 



215Ra

214Ra

215Ra
enhanced production

of high-spin states

High-spin isomers from 238U fragmentation:

additional source of
angular momentum?

Eγ (keV)
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(original theory: I from single-particles)



ABRABLA
Analytical formula

Hg

Pb

Po

fragmentation of 208Pb fragmentation of 238U

more reliable, this is use



● M. Pfützner et al., Phys. Lett. B444 (1998) 32.

■ M. Pfützner et al., Phys. Rev. C65 (2002) 064604.
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isomeric ratio:

total

isomer
N
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R - isomeric ratio

ρ - probability of populating states 



The highlighted points: higher lying isomers decay int

?



Stopped Rising Array @ GSI: 15 x 7 element CLUSTERs
εγ =11% at 1.3 MeV, 20% at 550 keV, 35% at 100 keV 
flight time ~300ns







In flight fragmentation: separation and identification
Fragment Separator (GSI, Darmstadt, Germany)

Ge

Decay (internal and β, α) spectroscopy:
- decay out from the isomer is correlated with the fragment

(100 ns – 1 ms)
- very sensitive (ion beams > 1 ion/hour)



Nuclear structure has to be considered

φ = Iisomer/(I parallel+I isomer) = Iisomer  
/ I totalρexp=Rexp /φ

ρexp - the probability of populating states with 

higher spin than the isomer – can be compared with t

196Pb: A.K.Singh et al., Nucl. Phys. A707 (2002) 3

186W(16O,6n) at 110 MeV; 170Er(30Si,4n) at 144 MeV

fusion-evaporation reaction!

196Pb
270 ns    2.7 MeV 12+



M. Bowry (2012) 
A.M. Denis Bacelar (2011)
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Comparison with theory (sharp cut-off approx.)
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Isomeric beams: population of 
high-spin states in projectile fragmentation

Zsolt Podolyák

University of Surrey



Fragmentation reaction at relativistic energies

abrasion ablation
multi-hole state

Fragmentation/spallation is (one of the) main 

source(s) of radioactive beams/exotic nuclei



H. Alvarez-Pol et al., Phys. Rev. C 82, 041602(R) (2110)

Cross section: measures the end product 
What would give information about abrasion?

Angular (and linear) momentum
from isomers

How to study fragmentation?

EPAX ABRABLA/COFRA



In flight fragmentation: separation and identification
Fragment Separator (GSI, Darmstadt, Germany)

Ge

Decay (internal and β, α) spectroscopy:
- decay out from the isomer is correlated with the fragment

(100 ns – 1 ms)
- very sensitive (ion beams > 1 ion/hour)



R. Grzywacz et al., Phys. Lett. B 355 (1995) 439.

W.-D. Schmidt-Ott et al., Z. Phys. A 350 (1994) 215.

Isomers are special



M Bowry (2012) 

Pfuetzner (1998, 2002), Gladnishki (2004)

Isomeric ratios from 208Pb and 238U fragmentation



E.Simpson et al., Phys. Rev. C 80 (2009) 064608.

Population of isomers by two-proton knockout reaction in 206Hg

Total

10+

5- (with feeding)

Isomeric ratios         fig.

Exp.          Theory

3(1)%          4.7 

22(+1-2)%   18.8



Abrasion-ablasion model
(ABRABLA code)

Excitation energy

~27 MeV/abrated nucleon=

=2 x single particle (holes) energy

Ablated nuclei/abraded nuclei ~2

Good cross sections

Angular momentum

from single particle

states only

M. De Jong, A.V. Ignatyuk and K.-H. Schmidt, Nucl. Phys. A 613 (1997) 435

Is this good enough?
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Zs. Podolyák (2006)

238U fragmentation (A~200-210)
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Comparison with theory (sharp cut-off approx.)
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Nuclear structure has to be considered

φ = Iisomer/(I parallel+I isomer) = Iisomer / I total

ρexp=Rexp /φ

ρexp - the probability of populating states with 

higher spin than the isomer – can be compared with theory!

196Pb: A.K.Singh et al., Nucl. Phys. A707 (2002) 3

186W(16O,6n) at 110 MeV; 170Er(30Si,4n) at 144 MeV

fusion-evaporation reaction!

196Pb

270 ns    2.7 MeV 12+



Without structure considerations



Zs. P. , Acta Phys. Pol. B36 (2005) 1269 

OK within a factor of two!

With structure considerations
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Comparison with theory (sharp cut-off approx.)
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fragmentation of 238U

Fragments are slower than projectile: momentum shift (friction)

angular momentum produced 
(collective)
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S. Pal and R. Palit, Phys. Lett. B 665 (2008) 164.

Abrasion  (incl. friction)
(relativistic transport model)
Abrasion+ablation
(+sequential binary decay)

Better agreement
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Comparison with theory (sharp cut-off approx.)
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Abrasion-ablation model

(1-2/3)
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M. Bowry (2012) 
A.M. Denis Bacelar (2011)
Zs. Podolyák (2006)

Comparison with theory (sharp cut-off approx.)
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179W populated in:

fragmentation of 208Pb at 1 GeV/u

fusion evaporation: 170Er(13C,4n) at 67 MeV



E. Simpson et al., Phys. Rev. C 87 (2010) 037602

Isomeric ratio as function of longitudinal momentum

5- isomer
Fully stripped ions (S2
H-like ions (S2-S4)

(3.1%=difference between

experiment and theory;

additional feeding?)









● M. Pfützner et al., Phys. Lett. B444 (1998) 32.

■ M. Pfützner et al., Phys. Rev. C65 (2002) 064604.

K  Gl d i hki  l  Ph  R  C69 (2004) 024617

isomeric ratio:

total

isomer
N

NR exp



R - isomeric ratio

ρ - probability of populating states 



215Ra

214Ra

215Ra
enhanced production

of high-spin states

High-spin isomers from 238U fragmentation:

additional source of
angular momentum?
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ABRABLA
Analytical formula

Hg

Pb

Po

fragmentation of 208Pb fragmentation of 238U

more reliable, this is use



● M. Pfützner et al., Phys. Lett. B444 (1998) 32.

■ M. Pfützner et al., Phys. Rev. C65 (2002) 064604.

K  Gl d i hki  l  Ph  R  C69 (2004) 024617

isomeric ratio:

total

isomer
N

NR exp







R - isomeric ratio

ρ - probability of populating states 





179W populated in:

fragmentation of 208Pb at 1 GeV/u

fusion evaporation: 170Er(13C,4n) at 67 Me





Fragmentation (spallation) reactions at relativistic energies:

abrasion ablation

multi-hole state

σ
(m

b)

1GeV/u 238U on proton: J.Taieb et al., Nucl.Phys.A724 (2003) 413

Neutron number

experiment
prediction

Cross section: measures the end product 
What would give information about abrasion?

Angular (and linear) momentum



Isomeric ratio
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E. C. Simpson, J. A. Tostevin, Zs. Podolyák, P. H. Regan, and S. J. Steer, Phys. Rev. C 82, 037602 (2010)

Using a thick target



A.M. Denis Bacelar et al., Phys. Lett. B 723, 302 (2012)

Highest spin from fragmentation: I=(55/2)

213Rn:A.E. Stuchbery et al., NPA 482 (1988) 692





179W populated in:

fragmentation of 208Pb at 1 GeV/u

fusion evaporation: 170Er(13C,4n) at 67 MeV



179W populated in:

fragmentation of 208Pb at 1 GeV/u

fusion evaporation: 170Er(13C,4n) at 67 Me



M. Bowry et  al., Phys. Rev. C 88, 024611 (2013)




