
NUCLEAR PHYSICS
Exercise set # 11

Turn in your solutions TUESDAY,
Dec 5th, BEFORE 14:00

Fall term 2017
Period 2

Interaction of ionising radiation with matter:

X- and γ rays, electrons/positrons, muons, heavy ions; Compton scattering, attenuation and absorption
of photons, radiation shielding, energy loss/stopping power.
Literature: Lecture Notes and sources listed there; Krane: Ch 7 (Kr-7); Particle Data Group pdg.lbl.gov
(see Condensed_Reviews_Booklet_2016.pdf, Section 33); Recommended source of reference data for
photon and charged particle interactions is www.nist.gov. Note the different formulation in the various
sources.

1. Bethe-Bloch formula, stopping and range of protons and 12C ions: (Kr-7)

Tungsten (W) is a metal with bcc lattice structure and relied on as the plasma-facing material in
ITER (International Thermonuclear Experimental Reactor), one of the world’s most ambitious
energy projects. The extremely hostile irradiation environment in the high-temperature fusion
plasma eventually lead deterioration of thermal properties and loss of mechanical integrity of this
first-wall material.

In a recent study, the radiation-induced defects due to the 14-MeV TD-fusion reaction neutrons
are simulated by 10 MeV protons in the unique experimental setup at the Accelerator Laboratory
of University of Helsinki.

(a) A high purity tungsten foil (99.95%, as rolled, thickness 50 µm) is irradiated with 10 MeV
protons. Estimate the energy loss of the proton beam in two stacked layers of the foil.

(b) Show that the (projected) range of 10 MeV protons in W is approximately 170 µm.

(c) Explain how the selected thickness helps to avoid end-of-range effects. What does the latter
mean anyway?

(d) What if we used 35-MeV 12C ions instead, would they pass the stacked W foils?

2. Stopping power of electrons and positrons: (Kr-7)

The irradiation-induced defects in the above tungsten foil is studied by the method of positron
annihilation spectroscopy (PAS). In the conventional sandwitch set-up, a 1-MBq 22Na positron
source is wrapped in 3-µm-thick aluminium foil stacked with one layer of tungsten on both sides.
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    4He(19F,p γγγγ)   1979Al01,1979Fo02   

 Others:  1978Ek01,1978Fi04.  

 1979Al01:  4He(19F,pγ ) ,  E=41 MeV; protons were detected by ∆E+E Si telescope and γ  rays by Ge(Li)  detectors;  measured 

 pγ–coincidence,  deduced mean l i fetime for excited levels using the Doppler–shift  attenuation method. 

 1979Fo02: 19F beam, E=23.25–,  28.5–MeV, bombarded a thin (≈25 µm) metall ic  foi l  containing implanted 4He; protons 

 were detected by ∆E+E Si telescope and γ  rays by 2 Ge(Li)  detectors;  measured pγ–coincidence,  deduced mean 

 l i fetime for excited levels using the Doppler–shift  attenuation method. 

   22Ne Levels   

E(level)† T1/2
† Comments

      0 . 0

   1 2 7 5 ‡         3 . 6  p s  2 T1/2:  From 1979Fo02. 

   3 3 5 7 ‡       2 2 5  f s  6 T1/2:  Weighted average of  227 fs 7  (1978Ek01),  216 fs 12  (1978Fi04),  and 225 fs 6  (1979Fo02).  

Uncertainty:  Lowest experimental value.  

   4 4 5 7        < 1 1  f s

   5 1 4 7          0 . 9  p s  3

   5 5 2 2         1 9  f s  3

   5 6 4 1        < 1 4  f s

   6 3 1 1         4 9  f s  7

   6 3 4 5        < 1 1  f s

   6 6 3 6        < 1 4  f s

   6 8 1 7        < 1 1  f s

 † From 1979Al01,  except otherwise noted.   

 ‡ From 1979Fo02.  

    11B(13C,d)   1983Sz03   

 11B(13C,d) E=41.36 MeV and 13C(11B,d) E=35.0 MeV. Multigap magnetic spectrograph. Measured angular distribution,  

 statistical  model analysis to determine spin.  FWHM ∼  60–80 keV. 

 Other:  1979Sz01. 

   22Ne Levels   

E(level)† Jπ§

       0 . 0

    1 2 8 0

    3 3 6 0       4

Continued on next page (footnotes at end of  table)  

 

Figure 1: Decay of 22Na.

(a) Calculate the mass of the positron source, by assuming it to be in the form of NaCl (This
small mass apparently does not have any effect on the proton beam, stopping of positrons
or on the attenuation of gamma rays.)

(b) Extracting the necessary information from the shown decay scheme, calculate the maximum
energy of the positrons, that can be used in the experiment.
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(c) Show that the average positron implantation depth in W is approximately 15 µm. You may
assume the mean energy approximately half the maximum energy.

3. Attenuation and absorption of gamma rays:

All the positrons from the 22Na are thus completely thermalized in the W sample (and in the Al
wrapping!) and are probing the concentration of defects in an approximately spherical volume
with a radius corresponding to their range. Eventually, the positrons annihilate with electrons
creating two 511 keV annihilation quanta (see the figure below). 

 
2 

 
Figure 1.(a) Principle of the standard two-detector 
coincidence set-up in case of highly radioactive 
samples. (b) Principle of the proposed three-detector 
coincidence setup for radioactive materials research. 

 
the delocalized state in the crystal lattice or as 
trapped at an open volume defect. Different vacancy 
defects produce different lifetime components, as a 
rule the larger the open volume the longer the 
lifetime. An important parameter when applying this 
method is the average lifetime τave = Σi Iiτi that 
coincides with the center of mass of the spectrum 
and is very stable and accurate with experimental 
uncertainty well below 1 ps. References [1, 2] are 
suggested further reading for details about the 
technique in studies of solids. Positron lifetime 
spectroscopy has been successfully applied as a 
non-destructive technique to studying defect 

behaviour in non-irradiated nuclear fuel UO2 [3,4] 
and structural steels [5,6,7]. 

Even though nuclear fuel materials’ decay 
chains do not contain β+-active elements [8], the 
successive coupled gamma photon emissions will be 
recorded in the lifetime spectrum as false lifetime 
events [9]. To overcome the above challenge, one 
can add a third detector to discriminate the wrong 
stop events from the true events (cf. figure 1(b)). 
The third detector should be placed on the opposite 
side of the other stop detector as illustrated in figure 
1(b), as annihilation gamma photons propagate in 
opposite directions. On the contrary, no angular 
correlation has been observed in the radioactive 
decays of elements present in the materials to be 
studied. Such approach is currently under 
development to allow highly radioactive nuclear 
material research. 
 In this paper, we introduce the problematics 
related to positron lifetime measurements of 
medium-to-high-active nuclear materials and 
suggest means to construct a feasible three-detector 
measurement setup. 
 

2 EXPERIMENTAL METHODS 

2.1 Research objective 

Currently, positron lifetime experiments with 
two detectors can be performed only for low-activity 
materials (activity below 100 kBq), which is very 
low considering the activity of more than 10 MBq 
observed in typical mixed oxide samples or steel 
activated in a nuclear reactor. The main objective is 
to design and test a new type of an experimental 
positron lifetime setup that would suit better for 
medium-to-high-activity materials. 

Another objective related to the development 
of the new setup is related to the mobility and 
reliability of the device. Because of the high cost 
and safety issues related to transportation of highly 
radioactive materials, it would be much more 
convenient to develop a compact positron lifetime 
setup easily transferable to the dedicated facilities 
such as VTT Centre for Nuclear Safety in Finland. 

  
2.2 Technical development 

The detector materials and geometry of the 
three-detector setup need to be optimized to achieve 
reasonable count rate for experiments. Because of 
geometrical restrictions, the count rate optimization 
is much more critical than in the conventional two-
detector setup. In traditional face-to-face two-
detector lifetime experiment the scintillator material 

Figure 2: Principle of positron annihila-
tion spectroscopy.

(a) Estimate the attenuation of the 1274.5-keV and the 511-keV gamma rays in the sandwiched
sample set-up. Does it have any significance on the intensity measured by the detectors?

(b) The photons are observed with two identical (plastic scintillator) detectors with typical di-
mensions of 50 mm × 50 mm (diameter), facing each other at a distance of 20 mm from
the sample. Estimate the detection efficiency for (i) one detector and (ii) both detectors.

(c) How would the efficiency change, if we require coincident registration of photon events
in both detectors for (i) the two 511-keV quanta or (ii) the 1274.5-keV and either of the
511-keV photon?

4. In many experiments of “low-level counting”, the detection limit is determined by the cosmic-ray
muon background (mean energy about 4 GeV).

(a) Use the Bethe-Bloch formula (or the suitable curves in the listed literature) to estimate the
energy deposited in various typical radiation detectors (plastics, Si, Ge, NaI, BGO).

(b) Choose suitable parameters and typical sea-level muon spectrum (if it matters). Dimensions
of detectors vary from a thickness of less than 1 mm to several tens of cm. They may be
cylindrical or “cubic” in shape.

(c) Using your knowledge on radiation interaction with matter, design (at least conceptually)
a radiation shield against nuclear fall-out or “sky-shine” from a leaking nuclear reactor.
Unfortunately, there are no lead bricks available for everybody, but you are free to use
normal household items like piles of newspapers, water-filled bottles etc. Choose your
favourite against gammas and neutrons.
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