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Motivation 



Yields in (n,f) of 235U and 241Pu 

Gamma-ray spectroscopy of fission fragments produced in cold-neutron-induced fission 
of 235U using the EXOGAM array at PF1B 

 
To date the most successful method to study the low-lying excited states of neutron-rich 
nuclei in the mass range A~85-160 has been by placing spontaneous fission sources inside 
efficient arrays of germanium detectors, such as EUROGAM/EUROBALL or 
GAMMASPHERE. Decay schemes are created by performing coincidences, which allow a 
unique pair of fission fragments to be selected. However, only two spontaneous fission 
sources are available for such experiments, 252Cf and 248Cm. An excellent method for cleanly 
producing very neutron-rich fission fragments that cannot be reached with fission sources is to 
induce fission reactions in actinide targets using thermal or cold neutrons, from a neutron 
guide. In this regime, the neutrons bring just enough energy into the reaction to produce 
fission. Because of this, there is little prompt-neutron evaporation and the fission fragments 
remain very neutron-rich. The average spin generated in this reaction is 6-8 ħ  and  states  with  
spins as high as 20 ħ can be observed. 
 
Several different fissile targets are available for use with this reaction and of particular interest 
is the target of 235U. The nuclei available for study with a 235U target, using this technique are 
shown in Figure 1. This target will give access to many nuclei where currently nothing or 
little is known.  

 
Figure 1: isotopic yield measured for cold neutron-induced fission of 235U 

 
Here we propose to use the EXOGAM germanium array to perform the spectroscopy of 
nuclei produced in the cold fission of a 235U target ate the PF1B line of the ILL. This proposal 
is organized under the umbrella of the ILL-GANIL-EXOGAM collaboration agreement and is 
complementary to the proposal which will use a 241Pu target.  The yields are different: the 
241Pu target populates better the most n-rich nuclei of the 132Sn and A ~100 region. However, 
the 235U target is better for producing nuclei close to 78Ni. There are strong benefits in using 
two different fissioning systems when performing these types of prompt-  experiments: the 
complementary partner to the fission-fragment of interest is different for each target and this 
can help with the identification and assignment of new -rays.  
 
The EXOGAM array will be installed for 6 months in the PF1B hall of the ILL. In order to 
produce around 104 f/s in a 400 g/cm2 thick 235U target, a flux of 107-108 n/s/cm2 is required. 
This beam quality and flux has recently been achieved at PF1B in an (n, ) experimental 
campaign, with very low background. The beam was collimated to a diameter of 10 mm. In 
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Two different fission targets:  
241Pu (σth=1010 b) and 235U (σth=586 b) 

Prompt spectroscopy of neutron induced fission 
products - complementary to existing data sets 

Activities limited by safety issues 



Motivation II: nuclear structure close to 
stability  

(n,γ) – non selective process for 
population of low spin states 
 
•  study of collective models, 
symmetries 

•  multi-phonon excitations 
•  shape phase transition 
•  symmetries 
•  particle – phonon coupling 
• … 

•  study of statistical properties of 
nuclei 

•  level density 
•  pygmy dipole 

•  applications 
•  radioisotope fabrication 



Prompt spectroscopy of fission products 

•  Test of SM around double magic shell 132Sn 
•  properties of nuclei close to 78Ni (r-process 

nuclei). Few orbits play important roles in 
deformation 

•  Shape coexistence 
•  Shape changes in around N=58,60 
•  Onset of collectivity 
•  Octupole deformation around 90Se 
•  … 

Fission of 241Pu 

For 100 days of beam time: 
 
•  35 Proposals for promp fission product spectroscopy 
•  18 (n,g) proposals 
•  20 proposals for fast timing with FATIMA/EXILL 
•  4 proposal for different setups 



Concept: EXogam @ ILL 

What was needed: 
¤ EXOGAM clover detectors + HPGe detectors 

¤ High efficiency for γγγ	

¤ Trigger less acquisition system 

¤ All events are written, all channels ~ 10 kHz event rate 
¤  Identification of fission products via coincidences 

¤ Well collimated neutron beam  
¤ Target environment allowing (n,f) of 235U and 241Pu 
¤ Combination with LaBr3:Ce for ultrafast timing 
¤ User community 

 
 

6 GASP Detectors from LNL 

2 Clovers from Lohengrin 



The EXILL collaboration 



SETUP 

The EXILL Campaign 2012/13 



From the reactor to PF1b 

reactor (5×1014 n cm-2 s-1)  →  ballistic neutron guide  →  PF1b zone (2×1010 n cm-2 s-1) 



Neutron Collimation System 

1cm B4C ceramics 
5 cm Pb 

Borated plastics + 6LiF  
5 cm Pb 



Measurement of collimation performance 

Beam profile measured 
with dosimetry film 
containing 6Li 

Flux measured with 1 cm 
diameter Gold foil activation: 
 
Φ = 9 x 107 neutr. cm-2 s-1 



EXILL in PF1b experimental zone 

Beam Stop 

8 EXOGAM clovers 

6 GASP detectors 

2 ILL clovers 

Concrete 
blocks for 
support and 
shielding 



EXILL chamber: two configurations 

External chamber 

Internal chamber 

100 µm Zr-foil, diam. 32 mm 

Electrovalve 

Vacuum gauge 

Target Target holder 

241Pu (n,f) 

235U (n,f) 
(n,γ) 



EXILL-installation within 10 days 



Arrangement of Fatima and EXOGAM 
detectors 



(n,γ) targets  

161Dy2O3 
σ th = 600 b 
powder 

155Gd2O3 
σ th = 61000 b 
single grain 
sealed in Al-foil 

95Mo 
σ th = 13.4 b 
Metal foil 

46Ca(NO3)2 
σ th= 0.7 b 
powder 

194Pt 
σ th= 1.1 b 
Metal balls 

209Bi 
σ th= 0.023 b 
Metal cylinder 

Variation capture cross section: 6 orders of magnitude  



Fission targets 
235UO2 
σ f = 586 b 
Layer 
sandwiched 
between Zr or Be 
backing 

241PuO2 
σ f = 1010 b 
Layer 
sandwiched 
between Zr 
backing 

Chamber in clove box Loading chamber 

15µm Zr 

2 µm Zr 

Sn 

UO2 

15µm Be 

Superglue 

UO2 

Starting material: 
Actinide layers on metal 
backing 

15µm Be 

Superglue 

PuO2 



A Full Digital Approach 

 
 

 
 A/D DPP Interface 

Energy 

Time 

Count 

Shape 

Digitizer 
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IN 

Very high throughput of data  

Requires DPP to reduce flux 
to relevant quantities 



PERFORMANCES 

The EXILL Campaign 2012/13 



Tuning EXILL: (n,γ) mode 
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•  Background 
dominated by 
ambient 

•  Source scatters 
neutrons 

•  Ge lines 
appear 

•  Confirmed by 
Al lines 



Tuning EXILL: fission mode 

 0.1

 1

 10

 100

 1000

 10000

 500  1000  1500  2000  2500
Energy (keV)

only (n,gamma) target holder
inner chamber, no source

inner chamber, no source, Zr entree window
inner chamber, no source, Zr entree + exit window

 1

 10

 100

 1000

 10000

 400  450  500  550  600  650  700  750  800
Energy (keV)

only (n,gamma) target holder
inner chamber, no source

inner chamber, no source, Zr entree window
inner chamber, no source, Zr entree + exit window

•  No background 
due to inner 
chamber 

 
•  Zr-windows 

scatter 
substantially 

 
•  No Al-line, 

stronger B-line 



Impact of 6Li-rubber shielding for 
35Cl(n,γ)36Cl 



Detector resolution (global) @ 2kHz 
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Resolution > 3 keV!  

Some detectors 
with noisy baseline 

P. Mutti 



Efficiency of EXOGAM with Add-back 

Exogam Clover Relative efficiency  : measured up to 9 MeV !!!!!!!! 

Single 
addback 

152Eu+35Cl(n,γ)36Cl 

Addback/single 

1 Exogam Clover 

Clement, GANIL 



Efficiency of detectors, 8 x EXOGAM vrs. 
complete EXILL 
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Eγ [keV] 

Singles spectra: 

1000200 400 600 800 1200 1400

EXOGAM clovers

152Eu calibration source

LaBr3(Ce) detectors

Energy resolution of Fatima/EXILL 

1000 2000 3000 4000 5000 6000 7000

49Ti(n,g)    TiFull energy peak efficiency 
of EXOGAM and FATIMA 
are the same! 

Two sources for energy and 
timing performance tests 

Summation after 
gain matching 



Timing Performance of FATIMA 
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Shift values are 
instr. constant of 
Fatima 
 

Experimental FATIMA prompt response function (PRF): 

For Eg> 300 keV and 
1000 events: 
 
PRF < 5 ps! 



Data taking 

(n,γ) campaigns  
 
68-70Zn, 48Zn, 143Nd,  
167Er, 77Se,194Pt 

prompt spectroscopy  
235U on Zr-backing  

DPM 
235U on  
Be- 
backing  
 

(n,g): 
 
209Bi, 
46Ca, 
96Zr 
 

FATIMA  
 (n,γ) 

FATIMA 
235U on Be 

FATIMA 
 241Pu on Zr 

promp spectr. 
 241Pu on Zr 

(n,g): 
 
95Mo, 
195Pt 

10 kHz of data taking on 60 crystals 

> 95% of beam time dedicated to measurements! è 60 Tbyte of data 



DPM: Be- vrs Zr-backing 
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Comparison of 235U on Zr- and Be-backing

Be-backing
Zr-backing6+ -> 4+ 

100 fs < τ < 500 fs 
 

8+ -> 6+ 

τ < 100 fs 

5h of 235U on Be 
 
109 triple coincidences 

No difference between 
the two backing, DPM 
campaign stopped 



Comparison with 248Cm – Spectroscopy of 92Rb 

235U(n,fission) 

W. Urban et al., Phys. Rev. C 85 (2012) 014329 
 

W. Urban, ILL 
 



What’s next? 

¨  Problems of EXILL 
¤  At the limit of man power capabilities (ILL has only 5 nuclear physicists) 

¤  In beam time competition with low energy particle physics 
¤  Limitations with respect to fission material (only 0.7mg of 241Pu,…) 

¤  Limitations with respect to target chamber (volume, shape, …) 
¤  Limitation with respect to additional detectors (tracking of fission 

products,particle detectors,…) 

¨  Any new campaign similar to EXILL could solve only part of 
problem 

¨  Alternative approach: a dedicated instrument: FIPPS 



Fragment	  
detec,on	  

(A,Z,Ekin)	  

Rate	  <	  106	  fission/s	  
Possible	  targets	  :	  229Th,	  232,233,235U,	  238,239,241Pu,	  242mAm,	  243,245,247Cm,249,251Cf	  

TOF	  

Ge	  clovers	  

ρB

gas-‐filled	  

leS	  fragment:	  stopped	  in	  backing	  

determina,on	  of:	  A,Z,E*,J,yield	  
right	  fragment:	  

TOF:	   	  velocity	  
GFM: 	  A,Z	  
	  from	  conserva,on	  laws:	  
Ekin1,Ekin2,TKE,TXE,	  n-‐evapora,on	  

FIPPS – schematic layout (version I) 

Gas-‐filled	  magnet	  proper,es:	  	  
-‐	  Ionic	  charge	  focusing	  	  
-‐	  determina,on	  of	  A,	  (Z)	  



FIPPS – schematic layout (version II) 
 

Segmented	  Time	  
Projec,on	  Chamber	  

Rate	  <	  106	  fission/s	  
Possible	  targets	  :	  229Th,	  232,233,235U,	  238,239,241Pu,	  242mAm,	  243,245,247Cm,249,251Cf	  

TOF	  

Ge	  clovers	  

ρB

leS	  fragment:	  stopped	  in	  backing	  

determina,on	  of:	  A,Z,E*,J,yield	  
right	  fragment:	  

TOF:	   	  velocity	  
GFM: 	  A,Z	  
	  from	  conserva,on	  laws:	  
Ekin1,Ekin2,TKE,TXE,	  n-‐evapora,on	  

Gas-‐filled	  magnet	  proper,es:	  	  
-‐	  Ionic	  charge	  focusing	  	  
-‐	  determina,on	  of	  A,	  (Z)	  

Complete	  reconstruc,on	  of	  
right	  fragment	  trajectory	  



R&D for FIPPS 

Fission fragments 
from Lohengrin 

RED 

RED magnet 

G. Kessedjian, LPSC-Grenoble 

Primary Goal: Improve Lohengrin 
FIPPS-RD: tdata as input for simulations 

Investigation of different gases, 
pressures,fields… 



Conclusion 

¨  Spectroscopy @ neutron beams yield efficient tool 
for study of neutron rich isomers or close to stability 

¨  Handling of neutron beam feasible 
¨  Most planned experiments done 
¨  Problems: 

¤ DPM targets 
¤ AC-shields 
¤ Background 

¨  Next step FIPPS: permanent instrument allowing to 
carry out spectroscopy and fission studies 


