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•  44Ti	
  is	
  produced	
  in	
  α-­‐rich	
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  wind	
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  layer	
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44Ti(α,	
  p)47V	
  provides	
  a	
  versa9le	
  tool	
  
to	
  gain	
  insight	
  of	
  those	
  environment	
  	
  

(The	
  et	
  al.,	
  1998)	
  

Nucleosynthesis	
  –	
  Origins	
  and	
  Impacts,	
  RAS,	
  14	
  February	
  2014	
  



II.  Previous	
  measurement	
  

III. 	
   	
  (Sonzogni	
  et	
  al.)	
  
•  Previous	
  measurement	
  made	
  at	
  the	
  Argonne	
  NaHonal	
  Laboratory	
  

•  Protons	
  bombarded	
  on	
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  45Sc	
  disk	
  and	
  44Ti	
  material	
  was	
  collected	
  

•  44Ti	
  accelerated	
  at	
  ATLAS	
  and	
  impinged	
  on	
  4He	
  gas	
  target	
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  were	
  measured	
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•  ReacHon	
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  at	
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  energies	
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  window	
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  2-­‐6	
  MeV)	
  

(Sonzogni	
  et	
  al.)	
  

(Hoffman	
  et	
  al.)	
  

Nucleosynthesis	
  –	
  Origins	
  and	
  Impacts,	
  RAS,	
  14	
  February	
  2014	
  



The	
  source	
  of	
  44Ti	
  beam	
  
J. Phys. G: Nucl. Part. Phys. 39 (2012) 105201 R Dressler et al

Figure 4. Tested samples of the OPTIMAX A type.

Table 2. Chemical composition of the three types of FM steels used in the experiments (values
taken from [96]).

Steel Fe Cr Ni Mo Mn Ti V W

Optifer bal. 9.48 0.06 0.002 0.55 0.245 0.985
Optimax A bal. 9.3 <0.01 0.09 0.60 <0.01 0.24 0.97
Optimax C bal. 9.5 <0.01 0.15 0.40 <0.01 0.25 1.9

flux, this facility is most suitable for material studies under high flux conditions. Detailed
descriptions of the SINQ and the STIP programme can be found in [96, 97].

Presently, five series of the investigation programme, each irradiation in the SINQ target
lasting for two years, have been performed (STIP I-V). Displacement damage values of up to
12 displacements per atom (dpa) calculated for steel were reached in the first series (STIP I)
carried out from July 1998 to December 1999 in the SINQ target MARK II, which received
a total charge of 6.8 Ah protons. Over 1500 samples of different compositions (Fe-, Al-,
Zr-, Ni-, Ti-, W- and Mo-based alloys) and their weld materials were placed at different
positions together with several dosimetry detectors (Al, Au, Co, Cu, Fe, Ni, Nb and Ti).
After irradiation of two years and a cooling time of six months the target was opened and
examined. The specimens were retrieved and prepared for several different extended material
study procedures, e.g. the investigation of the mechanical properties and microstructure, also
including γ -measurements. The γ -spectra can serve as an indicator for promising candidates
concerning the isotope content.

Once these material investigations are completed, the samples are no longer needed and,
therefore, considered as waste. The usual expectation is that they are then conditioned with
concrete and transferred into the PSI intermediate disposal.

3.4. Sample description

For the work reported here, in total 38 samples of dimensions 3.3 mm × 3.3 mm × 25.4 mm
from the STIP I programme were available. They consisted of three different types of
ferritic/martensitic (FM) steels, their chemical composition is described in table 2.

As can be seen in figure 4, after the mechanical tests most of the samples are physically
damaged. A subset of samples in fact become dismembered, and, since the sample identification
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Table 3. Total activities of the three main γ -emitters 44Ti, 54Mn and 60Co.

Steel No. of samples 44Ti (MBq) 54Mn (MBq) 60Co (MBq)

Optifer 9 95 23 17
Optimax A 9 47 13 10
Optimax C 8 74 19 29
Not identified 12 65 17 14

Total 38 281 72 72

is written only on one side, a number of pieces could not be clearly identified; these are indicated
in the fourth row in table 3. Also shown in this table is an overview of the γ -ray measurements
of all 38 pieces. The values have an uncertainty of around 20%, due to uncertainties in the
determination of the distance of the sample from the detector. The high total activity of the
samples requires a distance from the detector of more than 3 m, at which a reproducible
positioning of the samples is difficult. For the unknown amount of 53Mn, the activity of the
γ -ray emitter 54Mn, which was also produced during the irradiation and is still present in
the samples, was used as a marker. Assuming that the production rate of both radionuclides
is similar, the number of atoms of 53Mn can be estimated. The content of 26Al could not be
measured directly by γ -ray spectrometry in the untreated samples due to the low total activity
and a too high background in the interesting range of the γ -ray spectra.

4. Radiochemical separation of 44Ti, 26Al and 53/54Mn

Since the content of the main components of the three types of stainless steel (table 2) differs
only slightly, the same chemical separation procedure could be applied to all used samples.

In figure 5, the γ -spectra from aliquots of all three steel types after dissolution are
shown. Besides the dominating γ -lines of 44Sc, 60Co and 54Mn, contributions from 172Hf/Lu
are visible. The latter is being produced from tungsten; therefore, it is most pronounced
in the OPTIMAX C samples, where the tungsten content is the highest. These radioactive
contaminations have also to be separated from the final fractions. Since the radionuclides of
interest have suitable γ -lines (44Ti: 1157 keV from the daughter 44Sc; 53Mn: 835 keV from
54Mn as a tracer; 26Al: 1809 keV), the separation efficiency could be easily followed by γ -
spectrometry, with the exception of 26Al. This radionuclide could be identified only after a
chemical separation, having a relatively pure Al fraction available and using measuring periods
of 12 h or more.

The total dose rates of the main contributors 44Sc and 60Co are the determining factors for
the handling of the samples. Since the dose rates of the single specimens varied only between
1 and 9 mSv h−1, the separation could be performed in a fume hood with 10 cm lead shielding
without the use of a remote controlled separation system installed in a hot-cell.

A subsequent radiochemical separation procedure has been developed to separate the
desired elements Ti, Al and Mn from all other matrix elements (table 2). The procedure
(a flowchart of it is presented in figure 6) combines the basic steps precipitation, liquid–liquid
extraction and ion-exchange chromatography. After each step, an aliquot of the sample solution
has been analyzed by γ -ray spectrometry to control the separation yield of the elements of
interest and to check the radiochemical purity. In the case of an insufficient purity, the individual
separation step was repeated.
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•  Sample	
  diluted	
  in	
  HF	
  solu9on	
  and	
  shipped	
  to	
  CERN	
  

•  Ti	
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  as	
  TiF3+	
  molecular	
  ions	
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  being	
  evaporated	
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  CF4	
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  leak	
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  MeV/u	
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  Al	
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12.7	
  cm	
  

Gas	
  cell,	
  view	
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failed)	
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•  Recoil	
  is	
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  in	
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  window	
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  because	
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•  Coulomb	
  barrier	
  for	
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90%:	
  	
  	
  1.15	
  
	
  
99%:	
  	
  	
  1.0	
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•  This	
  implies	
  a	
  slower	
  44Ti	
  destruc9on	
  rate	
  at	
  this	
  energy	
  

•  Such	
  a	
  rate	
  throughout	
  the	
  Gamow	
  window	
  could	
  explain	
  the	
  
difference	
  between	
  observaHon	
  of	
  44Ti	
  and	
  CCSNe	
  predicHon	
  
(using	
  NON-SMOKER	
  max	
  is	
  1x10-­‐4M⊙)	
  

Cassiopeia	
  A	
   1.3-­‐2.2	
  x	
  10-­‐4M⊙	
  

SN1987	
  A	
   2.3-­‐3.9	
  x	
  10-­‐4M⊙	
  

Conf.	
  
Level	
  

Max.	
  ejecta	
  44Ti	
  content	
  implied	
  	
  
[	
  x	
  10-­‐4M⊙]	
  

Agreement	
  with	
  Cassiopeia	
  A	
  

68%	
   1.3	
   0.59	
  –	
  1	
  

90%	
   1.15	
   0.52	
  –	
  0.88	
  

99%	
   1	
   0.47	
  –	
  0.80	
  

Nucleosynthesis	
  –	
  Origins	
  and	
  Impacts,	
  RAS,	
  14	
  February	
  2014	
  



III.  F	
  
IV.  Experiment	
  and	
  results	
  

•  Are	
  there	
  resonances	
  in	
  the	
  48Cr	
  (i.e.	
  47V+p)	
  system	
  ?	
  

	
  
Looking	
  for	
  states	
  with	
  spin	
  1-­‐	
  or	
  2-­‐	
  (L=0);	
  0+,	
  1+,	
  2+	
  or	
  3+	
  (L=1);	
  
potenHally	
  strongly	
  resonant	
  0-­‐	
  to	
  4-­‐	
  (L=2);	
  above	
  8.106	
  MeV	
  	
  
	
  
•  How	
  does	
  the	
  cross	
  secHon	
  behave	
  at	
  other	
  energies?	
  (and	
  is	
  

the	
  Sonzogni	
  et	
  al.	
  data	
  correct?)	
  

Mass	
  excess	
  [MeV]	
  
47V	
   -­‐42.00205	
  

p	
   7.2890	
  
48Cr	
   -­‐42.8192	
  

Proton	
  threshold	
  in	
  48Cr	
   8.106	
  

Ground	
  state	
  spin	
  [hbar]	
  
47V	
   3/2-­‐	
  

48Cr	
   0+	
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States	
  known	
  in	
  48Cr	
  [nndc]	
  

G:	
  46Ti(3He,	
  n)48Cr	
  

•  No	
  known	
  candidates	
  
	
  
•  44Ti(α,	
  p)47V	
  only	
  possible	
  reacHon	
  to	
  find	
  these	
  states	
  at	
  the	
  moment	
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center of mass energy [MeV]
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Present work
Gamow window

Lower/same	
  energies:	
  
•  to	
  deliver	
  lower	
  energy	
  beam	
  (	
  1-­‐2	
  MeV/u)	
  
•  higher	
  4He	
  pressure	
  to	
  compensate	
  reacHon	
  

yield	
  
•  beam	
  intensity	
  has	
  to	
  be	
  higher	
  (this	
  is	
  a	
  

new	
  technique,	
  future	
  experiments	
  should	
  
have	
  more	
  beam)	
  

Higher	
  energies:	
  
•  use	
  of	
  gas	
  cells	
  limited	
  by	
  induced	
  fusion	
  

evaporaHon	
  on	
  the	
  windows	
  
•  window-­‐less	
  gas	
  target?	
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•  “There	
  should	
  be	
  some	
  interesHng	
  differences	
  on	
  average	
  between	
  the	
  
predicHons/expectaHons	
  of	
  the	
  various	
  mechanisms	
  (neutrino,	
  acousHc,	
  magneHc,	
  
etc.),	
  we	
  have	
  yet	
  truly	
  to	
  determine	
  these.”	
  	
  

–  Adam	
  Burrows,	
  Princeton,	
  Jan	
  2012	
  

•  “By accident we noticed e.g. in simple parametrized explosions with the 
same explosion energy, that pistons (like used by Woosley and Heger) produce 
less 44Ti than thermal bombs (like used by Nomoto, myself, Umeda). The point 
is just that in the innermost ejecta the entropies are higher.” 

–  Friedel Thielemann, Basel, Jan 2012 

Could	
  44Ti	
  really	
  discriminate	
  between	
  different	
  hydrodynamics	
  model?	
  



FC readings (black), 1157 keV (red), elastic alpha (blue), elastic proton (green)
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Measurement	
  of	
  exit	
  window	
  acHvity	
  post-­‐experiment	
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