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1. Test of the Time Reversal Invariance in Nuclear Reactions with Polarized 
Neutrons 

 
The source of the CP - violation (which implies time reversal violation via the CPT 

theorem) is unknown up to now. The CP - violation effect was first observed in the kaon decay only 
about 35 years ago. Recent K0 – decay experiment [1] has given direct evidence of the time reversal 
violation in the elementary – particle phenomena. Nevertheless, searches for the simultaneous parity 
and time reversal violations in the nonleptonic processes, are still of great importance. The 
contribution of Kobayashi – Maskawa phase to the corresponding observables is very small. Thus, 
such experiments probe new types of time reversal invariance violation (TRIV) interactions. At 
present the study of polarized neutron propagation through polarized targets seems to be one of the 
most convenient ways to test the time reversal invariance. This is due to the dynamical and 
resonance enhancement factors, which act in both cases of parity (P - odd) and time reversal 
violating interactions and cause the increasing of the violation effects near the neutron p – wave 
resonances. 

Neutron transmission is described by the forward neutron-nucleus scattering amplitude: 
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Here rs  is the neutron spin,
r
I is the spin of the target nuclei, and 

r
k  is the neutron wave 

vector. The coefficient A represents the strong, neutron spin independent interaction. The 
coefficient B represents the combined effects of external magnetic field, spin - orbit interaction 
between the neutron and the nucleus, and the interactions of the neutron magnetic moment with 
nuclear and electron magnetization, C is the amplitude of weak P - odd interaction. The coefficient 
D represents the parity and the time reversal odd scalar - triple product and E is the P-even T-odd 
coefficient. The real parts of all coefficients cause a precession of the neutron around the relevant 
directions and the imaginary parts lead to the attenuation depending on the neutron spin direction. 

The effect of the D term on the neutron transmission should be observable as a transmission 
difference for the two inverse states of the neutron spin polarizer because the sign of the spin 
correlation [ ]Iks

rrr
×⋅  changes. The effect of the E term can be seen in a transmission experiment 

with polarized neutrons and aligned target. The three-fold correlation arises from the symmetry 
of scattering from s1/2-wave to p1/2- and p3/2-waves and vice versa. It is P-odd, as the transitions 
between s- and p-waves are parity violating. The five-fold correlation tests the equality of the 
transition rates from p1/2-wave to p3/2-one and vice versa, thus it is P-even. 

In accordance with nowadays theoretical expectations the ratio wCD=λ of the TRIV weak 
matrix element to P-odd one ≤ 10-4, However, all of them are indirect and the lack of experimental 
information leads to the conclusion that practically in every class of models this ratio might be large 
enough to be measured in the neutron transmission experiment [2]. 

However, as it has been suggested by the consideration of possible experimental designs, 
there are many fake effects which mask the true TRIV [3]. The most serious effect is due to the 
pseudomagnetic field which gives rise to a rotation of the neutron spin around the target 
polarization. It is proportional to Re[B] in (1). Besides, the polarization of the neutron polarizer is 
different from that of the analyzer. This introduces a fake effect into the transmission difference, 
which is proportional to the difference between the polarizer and analyzer polarizations. Another 
fake effect arises due to misalignments in the settings of the polarization axes of the polarizer, the 
analyzer and the target. We intent to realize the experimental technique which has been proposed in 
[4]. The technique is based on P – A theorem and allows to decrease the systematic contribution of 
the fake effects below the threshold which is required to measure λ at the level of 10-4. Figure 1 



shows the result of Monte Carlo simulation of TRIV effect for the method has been proposed in [4]. 
The result was obtained for the present KEK LaAlO3 target of 3×3×3 cm3. The conditions of 
simulation are shown in Table 1. 

The second way to test time invariance in the nuclear reactions is the investigation of the 
elastic scattering of polarized neutrons by zero – spin nuclei [5]. This is possible because of 
contribution of TRIV interaction to elastic cross section: 
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Here, f0 is an amplitude of s – wave scattering. The amplitude  corresponds to Р – odd 
interaction, and  corresponds to the simultaneous violation of the space parity and time 
invariance. It arises due to the same interaction like in forward scattering amplitude (1). The unit 
vectors and  are directed along the momenta of incoming and scattered neutrons respectively. 
The quantity α depends on usual strong interaction only. 
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Figure 1. Simulation of TRIV effect in transmission for 139LaAlO3. See text for details.  

 
Table 1 
TRIV – matrix element wPT = wP = 3.3 meV [7]*

139La polarization pt 0.5 
Compensation field  842 Gauss ( 1% - deviation from the optimal one 849 Gauss) 
TOF path 15 m 
TOF encoder channel width 4 µs  
Neutron pulse width FWHM 3 µs 
Neutron detector 3He proportional counter (10 atm) 15 cm in length 
Neutron polarizer 3He (10 atm) with polarization of 0.6 

* To obtain the value of the expected effect one should multiply the quantities on figure 1 by the 
expected ratio of wPT / wP. 
 

We see that for the backward scattering kk
rr

−=′ , the contribution of P – odd term 
disappears. Thus, the presence of TRIV amplitude  may be detected if one measure the 
backward scattering rate difference for two opposite neutron spin states. 

PTf

This result may be easily understood. In backward scattering, the projections of the neutron 
orbital momenta both in the entrance and exit channels on the k

r
 direction are zero. Thus, when the 

nuclear spin I = 0 the spin direction for longitudinally polarized neutron is conserved. In the general 



case of I ≠ 0, the projection of the neutron spin on the k
r

 direction may change due to the combined 
flip of the neutron and nuclear spins. Thus, due to the conservation of neutron spin direction, 
backward scattering by a zero spin nucleus of the right – polarized neutron is the time-reversal of 
the same process for the left – polarized one. To see that, it is necessary to reverse the directions of 
the momenta of the incident and scattered neutrons and their spins, and then replace the initial and 
final states of the process. If time invariance holds, then the probabilities of backward scattering by 
zero spin nuclei of the left – and right – polarized neutrons should be equal. Thus, the asymmetry of 
backward scattering by zero spin nuclei of neutrons with opposite helicities would evidence time 
invariance breaking. One should note that the backward asymmetry may exist for non-zero spin 
nuclei due to space parity violation, but generally it is not related with time - invariance breaking. 

The scattering experiment obviously does not require polarized target, but it is less efficient 
than the transmission one. Namely, because of much less count rate. Thus, the statistics will be 
smaller. This type of experiment may set just the limit for λ at the level of ∼10-2. Nevertheless, it 
allows the simultaneous test of the time reversal invariance in a wide range of p – wave resonances. 
Figure 2 shows the result of Monte Carlo simulation of the net TRIV effect in a backward elastic 
scattering of the longitudinally polarized neutrons on 232Th. The effects are shown in the vicinity of 
p – wave resonances of 36.97 and 38.19 eV in assumption that wPT are equal to the corresponding 
wP. The other parameters have been used for simulation are shown in Table 2. 
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Figure 2. Simulation of TRIV effect in elastic scattering for 232Th. See text for details. 

 
Table 2. 
TRIV – matrix element wPT = wP = 1 meV 
Neutron beam polarization 0.5 
TOF path 50 m  
TOF encoder channel width 0.5 µs  
Neutron pulse width FWHM 0.4 µs  
 

The curve is marked as “black” corresponds to the case of an ideal detector with the 
efficiency of registration of 100% and FWHM = 0. 

One should note, that the most of models assume no correlation between the magnitudes of 
the wPT and wP matrix elements. It means, that effect has shown in figure 2 may be smaller and 
bigger as well. Thus, the assumption of wPT = wP is artefact in some sense and has been chosen just 
for demonstration purpose. 
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2. Neutron mean square charge radius and electric polarizability 

 
In spite of long standing and numerous attempts to obtain the experimental estimates of the neutron 
mean square charge radius  and neutron electric polarzability >< 2

nr nα , these values are known 
with accuracy not better 30 % and 100%, respectively. The reason of this is the corrections, which 
are of the same order or even larger than the searched effects amounted to  of the 
nuclear cross sections. Besides, the n,e-scattering length , from which the  value is 
derived, has two groups of experimental data near  and  which 
differ by statistical errors. The  has the following relation with  
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 As for recently obtained with a good accuracy nα  value from measurements with deuterons, it is 
certainly model dependent and therefore it does not exculde the necessity of the direct 
measurements of nα  with free neutrons. 
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Fig.1.  The forward-backward ratio of intensities of scattered by neutrons near the resonance 
with . 
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 The continuation of investigations on  and neb nα  are planned at IREN using specific 
properties of s-wave neutron resonances. Such a resonance with energy  for even-even nucleus 

makes a deep minimum of the scattering cross section at 
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*  ( R′  is the scattering 

radius, k  and  are the resonant values of the neutron wave number and neutron width), where the nΓ



real part of  the total scattering amplitude intersects the abscissa axis. As a result, its interference 
term with  changes its sign at neb *EE =  and this allows to get  from a measurement of the 
forward-backward ratio of the scattering intensity. Fig.1 demonstrates such a ratio in case of 

resonance for two  values. But to use this theoretical huge effect in practice is not so easy 
due to necessity to have a very pure isotope sample.  

neb

Hf178
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 Another application of resonance minima is shown in Fig.2 where the intensity of neutrons 
transmitted through a  thick  filter is given. This picture can be sufficiently 
extended with quasi-monochromatic “lines” in the interval from  to 140  using the given by 
Nature elements  etc. The beam of these “lines” together with the time-of-flight 
technique allows to execute a variety of experiments practically without background. And the first 
of them is the precise measurement of the total cross section for  in order to estimate the 
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Fig.2. The neutron flux at IREN at  flight path  after  a mL 30= cm2015 −  thick  filter. U238

 
 The “line” eV (the lowest energy in Fig.2) can be used for the  estimation by means 
of forward-backward ratio observation which is presented in Fig.3. 
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Fig.3. The forward-backward ratio of  intensities of the scattered by  neutrons near the 
resonance with . 
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 Last, but not least, a very promising experiment for IREN with the minimum and clear 
corrections is the measurement of transmission of gaseous isotope Kr86  at different pressures (1-50 
atm) in a broad energy interval ( keVmeV 2410~ − ). The total cross section of Kr86  has a form 
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The term proportional to pressure P  is caused by the neutron diffraction on pairs of the 
neighbouring atoms;  it can exceed the term with  by 5 – 10 times at . The capture  
cross section is negligibly small (

neb atmP 50≈
mbn 3≈γσ  at meVE 25≈ ). 

 Fig.4 demonstrates the possibility to derive  not much depending on the calculated 
electron  form-factor  , integrated over angles. It is necessary  to know exactly  the 
“shoulders” of the picture: 

neb
)(Ef

totσ  at where eVE 200> 0≅f  and totσ  at where 0→E 1≅f . 
Moreover, in order to know the nuclear amplitude behavior at eVE 200< , the totσ  value has to be 
measured in a possibly broader energy interval. 

1E-3 0,01 0,1 1 10 100 1000 10000
7,45

7,50

7,55

7,60

T=184K

neb    = -1.32  T=293K

neb    =0 86 Kr

σ to
t

Energy eV

 

 

Fig.4. The )(Etotσ  of Kr86  at different gas temperature. 
 

 The necessary precision  will permit not only to determine quite weighty contribution 
(1%) of the n,e-scattering but also to certify with the same accuracy the adequateness of the nuclear 
scattering description by the widely used R-matrix formalism and by its limiting case  one-level 
Breit-Wigner approximation. Getting accuracy estimates of  description of the neutron cross section 
structure in resonance region by the modern models has an independent scientific value.  

410−

 
3. The IREN + UGRA experiments 

 
A number of rather different experiments are planned with the UGRA scattered 

neutrons spectrometer [1-3] situated at the 250 m time-of-flight path. It allows to measure the 
neutron spectra at energies between several eV and ~ 100 keV. The scheme of the instrument is 
shown in Fig.1. Up to 16 3He-detectors are placed in a big (~3 m) aluminum vacuum chamber 
on a rotary platform, so each detector can count scattered neutrons at nine angles from 250 to 
1550 from one of  three scatterers attached on a special holder in the chamber center. 



Fig.1.  Arrangement of the UGRA spectrometer. 1 -  chamber  bottom;  2 -  middle   
section;  3,4 - sleeves for connections with neutron beam-tubes;  5- bellows; 6- 
temperature compensator; 7- upper section;   8 -   membrane;   9 -   lower section; 
10-  rotary platform; 11 -wheels  for   rotary  platform; 12 -  neutron   detector;  13 -  
shielding tank;   14- centralizing device;  15 - vertical rod;  16 - sample holder. 

 
An obtained angular distribution should be presented in the form 

                                    ( )],coscos1[)( 221 ϑωϑωϑ PCI ++=                                     (1) 
if it is measured at three or more angles ϑ . The )(ϑI  function and C constant can be replaced 
in (1) by the differential scattering cross section Ωdd /σ  and πσ 4/s  ( sσ  is the total scattering 
cross section), if an additional measurement has been made on nuclei with the known sσ . 
 
3.1 The neutron electric polarizability nα . 

There is a possibility to get a new estimation of the nα  value if precise Ωdd /σ  cross 
section is obtained at  neutron energies E ~ 1 – 100 keV for the heavy nuclei (Z>72) which 
possess good resonance averaging, and which are accessible for making massive elementary 
scatterers. The forward-backward asymmetry coefficient )(1 Eω  contains a small specific 
contribution proportional to  on the background of pure nuclear contributions ~E, 
~

2/12 EZnα
2/3E  and ~ 2E  defined by the scattering radii and strength functions for s- and p-neutrons. A 

combined analysis of )(1 Eω , )(2 Eω , )(Esσ  with possible addition of some data on the total 
and (n,γ ) cross sections will allow to determine all parameters including nα [4]. 

There are very good prospects for investigations of little known and unknown properties 
of the individual resonances too. For this aim, the resonance areas will be measured at different 
scattering angles ϑ  and fitted by the expression (1). 

 
3.2 The spin channel mixtures. 

A p-wave resonance with the total spin 2/1±= IJ   (I is the target – nucleus spin) is 
excited and decays through two channels with the spins 2/1±= Is  (see [5] for example): 
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So, for such resonance the neutron width +− Γ+Γ=Γn  is the sum of two widths, and the 

2ω value in (1)  depends on the mixture of −Γ  and +Γ , for example on parameter  

−                                                             +−Γ=β   
Th

                                                   (2) 
e )(βω  is a squared function of β  and icture  by a parabola which touches
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axis somewhere between 0=β  and  on I and J. Fig.2 shows an example 

Γ+Γ
 p d  the abscissa 

1=β
)(2 βω  for 2/1=I  and 1=J . Only one value of β  corresponds to the given value of 2ω  for 

the case when 5.0 2 ≤< .2ω  Bu  expet if an riment gives 5.02 ≤ω , then β  can have any of  two 

 The kno  is necessary in the investigations of parity nonconservation effects 
at the mixed s- 

 dependening of 

possible values. 
wledge of β

m in search for the pa ial width correlations. At last, without knowledge of β  we poorly 
know the angular dependence of neutron scattering which is necessary for practical purposes. 

Up to now, the β  value has been measured  only for 18 p-wave resonances for 7 target-
nuclei [5]. But in 4 cases, for resonances of  89Y , two possible β  have been obtained. 

and p-wave resonances. This is very useful for the test of nuclear statistical 
odel rt

 

Theoretical investigation of this subject in details is presented in [6] and all what we 
3.3  The mixed (s+d)-wave resonances. 

mention below  is based on this work.  

The areas of an s-wave resonance for different angles ϑ  should be analyzed with 
expression (1) which has to be complete

the 
d by the term (cos )44

4ω  and (or) 2ω  means definitely the admixture of d-wave to s-wave in such  resonance. 
Moreover, if spins 2/3≥I  and 2≥J  then both s ls are open for the d-wave 

trons and th neutron width consists of three parts: 
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where 

2
4 )]([ dc += βαω , 

0δ  and 2δ  are the phase shifts for s- and d-wave potential scattering, the constants 
 are given in [6] for the whole set of I, J. 
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Fig.2. Dependence of  β on 
ω2 for I=1/2,  J=1.  

 
 

   Fig.3. Scattering anisotropy at 
resonances for nuclei with  I=1/2. 
Numbers near lines – values 
cos(δ0-δ2).  Solid lines – for equal 
signs of amplitudes, dashed lines 
– for different ones. 

                       
 

 Two expressions (5) allow to get the unique information for neutron spectroscopy about 
the relative signs of partial width amplitudes ii Γ±=γ  for the pair sΓ  and  or  and 

. The upper signs in (5) correspond to the same signs and the under – to opposite ones. 
−Γd sΓ

+Γd

 The simplest example in the case of a nucleus with ,2/1=I  1=J  is shown in Fig.3. 
Such a resonance has 04 =ω  and no spin channels mixture. The solid curves correspond to the 
same amplitude signs and the dashed ones – to the opposite signs. The numbers 0.5 and 1 at 
curves are the values of )cos( 20 δδ − . It is obvious that if an experiment gives 5.02 >ω  then 

0<Γ⋅Γ ds  and there are two possible quantities for α . If 5.02 <ω  then the ds Γ⋅Γ  sign is 
uncertain and α  can have any of two or even three values. 

The mixed (s+d)-wave resonances are not rare at the neutron energies E ~1 MeV or 
higher. About 20 such resonances are known at E ~ 180 – 600 keV (see references in [6]). Due 
to the centrifugal barrier, the observation of  such a resonance at E ~ 10 – 100 keV is 
improbable and would be an interesting uninvestigated nonstatistical effect in a compound-
nucleus. 

 
3.4 The thermal motion effect on resonance scattering. 

As it is known (see for example [7]), the neutron cross section at energies ~ eV and 
lower are formed with participation of the thermal motion of atoms in the sample. This exhibits 
in the well-known Doppler broadening of the neutron resonances. Moreover, there are some 
considerations [8] that the thermal motion in substance can influence on the  angular 
dependence of neutron scattering in a resonance. This effect was never observed and never 
calculated yet. Thus, the isotropic in the center-of-mass system scattering in an s-wave 
resonance can become nonisotropic. Then its parameters 1ω  and 2ω  in (1) in the laboratory 
system will differ from  and  (A is mass number), which they are at the isotropy in A/2 2/1 A



the center-of-mass system. The experiments should be carried out with the pure s-wave 
resonances at eV energies. 
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4. Search for possible long-range van der Waals interaction between neutron 
and neucleus 

 
A possibility of the existence of a long-range component in the strong interaction between 

hadrons was discussed previously using different approaches. Some theoretical aspects of strong 
long-range interaction between hadrons were analyzed by many authors (see for example the review 
[1] and references therein) without any final firm conclusion about existence and strength of these 
forces. It was concluded that existence of such forces is not impossible, the most plausible 
mechanism for generating long-range strong potential is multi-gluon exchange. 

Experimental situation concerning strong long-range forces between hadrons was also 
discussed in [1]. It turned out that if to parametrize these potentials in the form  the 
most stringent restriction followed from the measurements of radiative transitions in anti-protonic 
atoms:  c ≤100 MeV (n=6), and ≤ 600 MeV (n=7). Similar bounds on the value of these potentials 
follow from transitions in pionic atoms. Other experiments (Cavendish or Eötvös-type experiments, 
hyperfine structure of molecular hydrogen) give much weaker bounds on long-range potentials with 
n=6 or 7. 

nfm/r) c(1U(r) =

Irrespective of theoretical predictions which are very indeterminate, the bounds on the 
magnitude of this interaction may be obtained from experiments involving a variety of techniques.  

If such interaction really exists some signals of it could be found in neutron-nuclei 
interaction. Possible hint on existence of strong long-range neutron-nucleus interaction comes from 
experiments on the search for neutron polarizability. In a series of experiments and careful optical 
model calculations, the authors of [2] showed that the great variety of data on neutron scattering in 
MeV energy range (total cross sections, angular distributions and especially small angle scattering) 
have better description (in the sense of χ2 value) if, in addition to the short-range Woods-Saxon 
potential of general form and the Schwinger interaction, the neutron electric polarizability term with 
the factor as large as αn ≅ (1 - 2) ⋅ 10-1fm3 is included into the potential of neutron-nucleus 
interaction. This value of the neutron electric polarizability is two orders of magnitude higher than 
the value expected from reasonable calculations and the several measurements by different groups 
in keV neutron energy range. It might be possible, as was proposed in [3], that some other potential 
of the ~r–n type with n>4, for example with n=6  (Van der Waals), or n=7 (Casimir-Polder) 
influences neutron scattering in the MeV energy range. 



The scattering amplitudes in the first Born approximation for n=4-7 generally behave 
similarly in the range x=qR<5 (q is wave vector transfer at scattering, R is nuclear radius) where the 
amplitudes are not small, differing only by the factor which does not change significantly. The same 
is true for the several first Born scattering phases for these potentials in MeV neutron energy range.  
It means that it is possible that large potential of the r–4 type inferred from fast neutron scattering [2] 
may be in fact the potential r–n with n=6 or n=7 but of correspondingly larger magnitude at r=R. 

The optical model calculations of differential cross sections of neutron scattering on heavy 
nuclei in the energy range 0.5-10 MeV [4] demonstrated that the effects of additional long-range 
potentials with n=4-7 on neutron cross sections are very close if to fit appropriately the value UR of 
the potentials at nuclear boundary. For example the value UR ≅ 200 keV for the neutron 
polarizability potential inferred from experiments [2] must be changed to UR ≅ 300 keV for the 
long-range potential with n=6 to achieve close similarity of their effects on cross sections with 
difference in the limits of several per cent. 

Experiments on neutron-nuclei scattering in thermal energy range (as well as neutron optics 
experiments) are very insensitive to these potentials.  With UR=300 keV and neutron energy En=100 
meV it follows from above expression  that the contribution of the term x3, specific for van der 
Waals potential, is  ≅ 10-10 of the neutron-nucleus amplitude. 

Better confirmation or more strict constraints for the existence of strong long-range neutron-
nucleus interaction requires detailed computations with the most flexible nuclear optical potential 
and inclusion of long-range potentials of the r–n type with different n. This complicated procedure 
must  establish what kind of a long-range potential is able to satisfy better the description of the 
whole set of data on fast neutron-nucleus scattering. 

Besides this approach used in [2] to infer the long-range contribution to neutron-nucleus 
interaction, two ways are possible to determine the long-range potential explicitly using the 
characteristic k dependence of the scattering amplitude described above. Both follow from the long 
search for the electric polarizability of the neutron. One way is the very precise measurement of 
angular distribution, the second one - the measurement with millibarn precision of total cross 
sections of neutron scattering by different (light and heavy) nuclei in the energy range up to several 
hundred keV. No such data are available now. 

We propose to perform careful precision (2-5 mb) measurements of total neutron cross 
section for several light and heavy nuclei (C, O, 208Pb) in the neutron energy range 1-100 keV. The 
parameters of  the IREN neutron source are appropriate for this task as follows from previous 
measurements of the neutron total cross sections at the IBR-30 comlex [5]. 

In view of importance of this question for the theory of strong interaction it is worthwhile 
persuing it, as well as finding more crucial experiments for distinguishing strong long-range 
component in nucleon-nucleon and nucleon-nucleus interaction.    
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5. Study of quantum features of fission by resonance neutrons 
 

Study of nuclear fission induced by slow neutrons from its discovery provides a lot of 
essential information on properties and nature of this phenomenon. In spite of long history of such 
research up to now neutrons remain very fruitful tool to investigate deeper basic properties of 
nuclear fission.  

Special role belongs to resonance neutrons which allows one to study fission proceeding via 
distinct highly exited states of fissioning nucleus ( compound-states or neutron resonances). For 
many case spin J and parity π of such states could be established so it became possible to study this 
process in very clear conditions. High resolution of TOF neutron spectrometers permits to 
investigate typical quantum effects such as interference in the total and differential cross-sections of 
(n,f)-reaction. These effects are very sensitive to shape symmetry of fissile nucleus at scission or 
more general to properties of wave function of fissioning nucleus on its “way” in deformation 
“space”. A discovery of interference effects in the total (n,f) fission cross-section lead A. Bohr to his 
concept of transition states which could play role of effective fission channels characterized by 
fixed values JπK where K denotes the projection of spin onto the deformation axis of the fissioning 
nucleus. Recently the conception of transition states was generalized (Barabanov-Furman) to 
describe the fissioning nucleus on the whole way from the entrance “fission channel” at 
deformation close to the ground state one (β0 )  up to scission where the system has very large 
deformation (~3β0 ). 

If, as in case of the IREN source, high neutron energy resolution is combined with high 
intensity it becomes possible to study the influence of nuclear shell effects on the formation of 
fission barriers and clustering of prescission configurations. These phenomena, so called fission 
modes, extensively investigated during last decade provide in principle very important information 
on shell structure of nuclei at very large deformations. Indeed wide and rather peculiar mass 
distribution of fission products realizes some kind of scanning of the genealogical expansion of 
fissioning nucleus wave function at scission. In these terms distinct fission modes correspond to 
distinct prescission shell configurations that are separated at so called bifurcation points of 
trajectories in many dimensional deformation space. Some trajectories lead to symmetric fission 
modes, other give rise to asymmetric fission modes. For different modes second fission barriers 
could be different. In case of resonance neutron induced fission there is a unique possibility to study 
fission modes and respective fission barriers for fixed (and known) quantum numbers JπK. It is 
clear that in such situation one could study the interconnection between  A. Bohr’s fission channels 
and fission mode. To realize such program we have to study variation of mass&TKE distributions 
of fission products with neuron energy.  

Besides that there exists another very attractive opportunity to study  parity dependence of 
fission barriers  as well as shape symmetry of fissioning nucleus at scission with aid of measuring 
of neutron energy dependence of interference effects in the differential (n,f) cross-sections. Series of 
experiments realized at IBR-30 before its final shut-down  reveals that Peven  and Podd   interference 
of s-wave and p-wave neutron induced fission could be measured with necessary accuracy. Analysis 
of these measurements provided unique information on characteristics of p-wave fission amplitudes 
inaccessible for other methods. But low energy resolution  of IBR-30 n-TOF spectrometer does not 
allow to obtain large enough set of p-wave resonance parameters necessary for accurate 
determination of characteristics of respective fission barriers.  

So future experiments at IREN neutron beams provide unique possibility to study various 
aspect of nuclear fission  in very clear conditions. To realize such program it is necessary to 
improve essentially the DAQ systems as well as fission product detectors.  



 
 

6. Practical investigation of the transformation process of nuclear low-lying 
levels into the bohr's compound states 

 
Nuclear properties in the excitation interval up to the neutron binding energy Bn undergoes radical 
change: the simplest low-lying levels transform into the Bohr's compound states. According to a 
number of experimental and theoretical works, neutron resonance (compound state of a nucleus) has 
extremely complicated structure of wave function. On the other hand, structure of low-lying levels 
is very simple. It is of interest to understand the process of this transformation in the excitation 
energy interval from ≅5 to ≅10 MeV. Understanding of the process occurring in a nucleus and 
precise calculation of such important for practice parameters as cross-sections of neutron 
interactions with nuclei require detailed study of this processes in wide mass region and excitation 
energy interval. This process can be also interpreted as the transition of nuclear matter from “order” 
to “chaos”. At present, the best possibility to know its details is experimental investigation of the 
two-step gamma-cascades proceeding between the neutron resonance (Bn) and group of low-lying 
levels (Ef, Eg...) through all available according to the nuclear selection rules intermediate levels 
(Ei). Fig. 1 demonstrates the idea of the method and gives an example of the results obtained for 
concrete nucleus.  
The developed in FLNP method for analysis of these data provides information on nuclear 
properties almost over the whole excitation energy interval Eex ≅ Bn. The level density ρ(Jπ, Eex) and 
mean partial radiative widths <Γλi(Eγ)> of transitions to the states with the excitation energy Ei 
contain main information on the wave functions of the studied states. Therefore, the experiment 
should be aimed at obtaining the maximum complete, precise, and reliable data on ρ(Jπ, Eex) and Γλi 
in maximally wide interval of the excitation energy of any nucleus. Unique possibility for a 
simultaneous estimation of ρ and radiative strength functions k=<Γλi> /(E3

γ × A2/3 × Dλ) of dipole 
transitions was provided by the study of the cascade of two successive \gamma-transitions 
following thermal neutron capture. Using high efficient HPGe detectors one can measure intensity 
of the individual cascade connecting three states λ→ →f up to the energy Ei i ≅ 3-5 MeV, as well as 
the total intensity of cascades 
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in any energy interval ΔE  of cascade intermediate levels.  The mean partial widths <Γλi>, <Γif>, 
the total numbers mλι nλι and  mif of levels excited by E1 and M1 transitions after the decay of the 
states λ and ι, respectively, can be determined (as it was for the first time ascertained in Dubna) by 
means of this relation and from  experimental values of the total radiative width of the compound 
state Γλ. It should be noted that any model ideas of ρ and k are not required in this method. For all 
experimental data obtained up to now, this provides narrow enough intervals of the most probable ρ 
and k for any (including fissile) nuclei. An example of such data for the most precise experiment is 
shown in Fig.2. 
 



                        
Fig.1. The part of the scheme of excited levels for 185W (left) and fragment of the sum coincidence 
spectrum obtained in the experiment (right). 
 
For thermal neutron capture it was established for more than 40 nuclei from the region 40 ≤ A ≤ 
200 that the energy dependence of level density is not smooth. Like in Fig.1, level density in these 
nuclei in the excitation energy intervals from 1-2 to 3-4 MeV (in dependence on parity of nucleon 
number) is almost constant. At the higher excitation energy, the smallest discrepancy between the 
experimental and model values of ρ are observed for the generalized model of superfluid nucleus in 
the framework of the adiabatic approach. 
There are numerous indications that this dependence is step-like at excitation energy above 2-3 
MeV contrary to most of the existing theoretical approaches. Respectively, the phonon dipole 
radiative strength functions could not be consistently described by any modern theoretical models. 
As it is seen from Fig.2, main discrepancy between the experiment and different model variants of 
extrapolation of cross-section of reverse reaction (γ,n) in its sub-threshold energy region consists in 
difference of shape of dependence on the γ-quantum energy. The value of the discrepancy is lying 
out of limits of possibility of variations of model parameters. 
 
The general, although clearly qualitative explanation of the observed discrepancy between the 
experimental and model calculated ρ and k values can be obtained from the fact of “non-statistical” 
behavior of spacing between intermediate levels of the most intense two-step gamma-cascades. For 
all nuclei under investigation quasi-equidistant “bands” of levels connected with most intense 
transitions were observed. Besides, in the first approach the values of the most probable equidistant 
period are proportional to the number of boson pairs in the unfilled nuclear shells. The hypothesis 
of vibrational nature of members of above mentioned ``bands" was proposed by authors of the 
experimental method described here. 
 



 
Fig. 2. Left panel: the number of levels of both parities with errors (circles with bars). The upper 
and lower curves represent predictions of the back-shifted Fermi-gas model and Generalized model 
of superfluid nucleus in adiabatic approach, respectively. Circles represent the observed number of 
intermediate levels of the resolved cascades. Right panel: the sum of the probable radiative strength 
functions of E1 and M1 transitions (with estimated errors). The upper and lower solid curves 
represent predictions of the Giant Electric Dipole resonance model with constant and depending on 
quantum energy and nuclear temperature width, respectively (in sum with the value k(M1)=const).  
 
And just accounting for the co-existence and interaction of quasi-particle and vibrational types of 
excitations  allows us to give a preliminary and probabilistic picture of the γ-decay process 
occurring in different nuclei in the excitation energy region up to ≅ Bn: 
 
(a) the properties of levels below ≅ 1 MeV in odd-odd and/or even-odd nuclei and below ≅ 2 MeV 
in even-even nuclei are mainly determined by quasi-particle and vibrational types of excitations; 
 
(b) the structures of states below ≅ 3-4 MeV are under dominant influence of vibrational-type 
excitations (the energy of phonon equals several hundreds keV); 
 
(c) re-distribution of the energy to vibrational excitations decreases the total energy of quasi-particle 
excitations and   density of levels of corresponding type below \approx 3-4 MeV; 
 
(d) above the excitation energy of about 3-4 MeV, deformed nuclei are characterized by sufficiently 
sharp transition to the states whose peculiarities are determined by inner (quasi-particle) excitations; 
 

These results and following from them conclusions together with other results of extensive 
study of two-step cascade spectra for many heavy deformed nuclei make extremely important the 
repetition of this investigation for many compound-states of neutron resonances with known Jπ and 
different  values in both stable and fissile target nuclei. 0

nΓ
 



Analysis of connection between the volume of the obtained information and parameters of the used 
spectrometers of γ − γ coincidences allows estimation of the efficiency of HPGe detectors that is 
necessary for successful solution of this task - it should be not less than 80-100%. 
 
If indications for deviations from standard statistical model are confirmed for many compound 
states  this will be very serious challenge for modern nuclear model and good basis for its 
improvement. 
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7. Measurements of the (n,α) cross sections 
 
7.1. Introduction 
 

IREN will be one of the best neutron sources for astrophysics problems. We are most 
interested in measuring (n,p) and  (n,α) cross sections of interest to astrophysics. Initial results from 
our new program of (n,�) experiments at IBR-30 FLNP JINR and ORELA (Oak Ridge, USA) are 
very encouraging and indicate that a sustained program of (n,α) measurements should lead to a 
global improvement in �-particle reaction rates for supernova and other explosive nucleosynthesis 
applications. New (n,�) experiments at IREN will help to improve models for supernovae and 
massive stars, and in the interpretation of observations made with γ-ray telescopes and of isotopic 
anomalies found in some meteorites. 

At the Frank Laboratory of Neutron Physics, JINR, we pioneered the measurement of the α-
particle widths of neutron resonances for intermediate and heavy nuclides. The new experimental 
challenge is to measure these small cross sections across a broad enough energy range to be useful 
for astrophysics applications. Therefore, the new IREN measurements covering a wider neutron 
energy interval are very important. We intend to use the intense flux of epithermal (≈0.5 eV to 100 
keV) neutrons at the FLNP Neutron Source IREN to perform world-class experiments in nuclear 
astrophysics, and basic and applied nuclear physics.  

 
7.2 Nuclear Astrophysics 

 
Nuclear reactions involving neutrons play vital roles in many astrophysical scenarios. For 

example, virtually all elements heavier than iron were made in environments inside stars and 
supernovae where neutrons interactions dominate the nucleosynthesis. In addition, many of the 
most interesting new results from the latest generation of astronomical observatories, and from 
measurements of isotopic anomalies in meteorites, are providing views of the results of this 



nucleosynthesis with unprecedented detail and precision. Furthermore, more realistic models of 
stars and supernovae, made possible by recent advances in computers, are providing new insights 
into the inner workings of these objects, as well as contributing new insights into related topics such 
as galactic chemical evolution, and the formation and age of our solar system. However, further 
progress in these areas is hampered by the lack of accurate rates for the nuclear reactions governing 
the nucleosynthesis. These astrophysical reaction rates can be determined by measuring neutron-
induced cross sections in the energy range between approximately 1 eV and 100 keV. 

In some cases it is possible to identify a key reaction or two that need to be measured to 
elucidate a particular astronomical observable  or to test a facet of an astrophysical model. 
However, in most cases, progress in nuclear astrophysics requires more global improvements in the 
nuclear data. For example, reaction rate measurements are urgently needed for radioactive isotopes 
and for stable isotopes of very low natural abundance, for low neutron energies, and for isotopes 
with small cross sections. Very few of these types of measurements have been made. 

 
FIG. 1. Ratio of (n, α) reaction rates at kT=30 keV calculated with two different statistical 

models, versus mass number. Shown are ratios of rates calculated with the NON-SMOKER code 
[1] to those calculated by Holmes et al. [2] for the 30 nuclides that should be accessible to 
measurements. 

 
An examination of the observed elemental abundances in the solar system, together with 

rudimentary nuclear physics considerations, reveals that there were three main processes 
responsible for the origin of the elements heavier than iron. Almost all these elements are thought to 
have been synthesized inside stars, supernovae, or other more exotic environments through a chain 
of neutron capture reactions followed by � decays during the so-called slow neutron capture (or 
“s”) and rapid neutron capture (or “r”) processes. The s and r processes are each responsible for 
roughly half of the observed heavy element abundances. The remaining neutron-deficient isotopes 
that cannot be reached via neutron capture pathways are thought to have been formed in massive 
stars or during supornova explosions through the photodissociation, (or “p”) process. Little is 
known about the details of the origin of the proton rich isotopes of the intermediate and heavy 
elements (the so-called p isotopes 92Mo, 96Ru, 102,106,108Pd…). In general, the p isotopes are thought 
to be produced during stellar explosions (in novae and/or supernovae), either through a series of 
photodisintegration reactions starting from seed material built up during previous nucleosynthesis 
processes, or through a chain of charged particle capture reactions on lighter elements. However, 
the detail of how and where the p nuclei are synthesized are very uncertain. A better understanding 



of their origin should lead to better models of novae and supernovae explosions and would also 
impact related areas such as the origin of isotopic anomalies in meteorites and the formation of the 
solar system.  

  

 
FIG. 2. Cross sections for the 147Sm(n, α) reaction. Shown are the measurements [3] 

(circles) and calculations by Holmes et al. [2] (diamonds), as well as calculations using the newer 
statistical model codes NON-SMOKER [1] (long-dashed curve), and MOST [4] (dotted curve). 
Note that the theoretical calculations of Refs. [1,2,4] have been normalized by the factors given in 
the legend.  

 
A large part of the uncertainty regarding the origin of the p isotopes is due to the fact that 

most the rates for the nuclear reactions governing the nucleosynthesis flow which produced these 
nuclides are pootly constrained. In particular, (γ,α) and (p,α) reactions constitute some of the most 
important links in the nucleosynthesis chain thought to be responsible for their origin. However, it 
is very unlikely that the rates for these reactions will be determined by direct experiments and they 
are also currently very poorly constrained by theory (because of our poor knowledge of the α-
nucleus optical potential, which forms a crucial part of the nuclear statistical model used to 
calculate these rates).  

The uncertainties in the (γ,α) and (p,α) reactions rates could be reduced considerably by 
making a series of (n,α) measurement at IREN. We have compared calculated cross sections from 
the updated, state-of-the-art statistical model code “Non-Smoker” [1] to previous calculations [2].  
The result, shown in fig.1 reveal a systematic difference between the new and older calculations. 
This comparison between calculated cross sections indicates that (n,α) measurement will be 
sensitive to the poorly constrained α-nucleus optical potential, hence, to reduce the uncertainties in 
explosive nucleosynthesis calculations. 
The 147Sm(n, α) experimental cross section data [3] are shown in fig.2. 

Both (n,�) and (n,�) measurements are needed. Only a very few (n,�) measurements have 
been made, and they indicate that the reaction rates used in p process models are in error by large 
factors; hence, there is much room for improvement. So far, none of these reaction rates have been 
measured across the range of temperatures needed by the models. It should be possible at the IREN 
to measure many important samples. The large flux at the IREN should make possible for the first 



time (n,�) measurements on many radioisotopes of interest to the r and p processes. Also, there are 
a few radioisotopes of lighter elements for which (n,p) and/or (n,�) reaction rates are needed. 
 
7.3 Nuclear Physics 

 
Research in basic nuclear physics will concentrate on measurements of the violations of 

fundamental symmetries and related topics. Pioneering work in these areas has been carried out by 
groups working at the IBR-30 FLNP. The substantial boost in flux at the IREN compared to this 
facility will make possible the next generation of experiments in these areas. 

According to modern theoretical conceptions (see [5] and references therein) the N. Bohr’s 
compound state of nucleus may be viewed as a typical representative model of the quantum chaos. 
If it is so, the neutron spectroscopy must be a powerful tool for the investigation of the main 
properties of the quantum chaos. It is well known, the description of the neutron resonances by the 
pure statistics theory (“black” nucleus theory) is not correct. 

 
Fig.3. Dependences on atomic weight, A of the s-wave strength functions, S0 (points) and 
of the distances between single particle shell position, Esp and Bn values (curves). 
 
The neutron strength functions S0 are not constant, as they must be according to the black 

nucleus theory (S0=10-4), but the variations of S0 values from one nucleus to another are very well 
reproduced by the optic (semitransparent) model of nucleus. This model takes into account the 
essential single-particle component contribution to the neutron resonances wave function. Good 
correlation of the S0 values and the proximity of the single-particle shell position to the neutron 
binding energy Bn of the nucleus for all atomic nucleus weights is illustrated by Fig.3. At the same 
time the quantum chaos may be distorted not only by the single-particle component contribution but 
by the many quasi-particle component contribution too. But this contribution practically has not 
been investigated experimentally up to now. The main cause of this situation is that the usually 
investigated neutron reactions did not directly depend on the many quasi-particle wave function 
components. The only type of an experiment, which must be productive is the (n,α) reaction 
investigations with resonance neutrons. Unfortunately the cross sections of this reaction are very 
small according to the small Coulomb barrier penetrability for α-particle. 

The main experimental results in the (n,α) reaction investigation were obtained on the high 
intensity neutron spectrometers - pulsed reactor IBR-30 and ORELA (ORNL, Oak Ridge) for 



middle and heavy nuclei [6,7], and on the GELINA-spectrometer of neutrons [8] and Los-Alamos 
proton LINAC [9] for light nuclei. Unfortunately, the poor neutron energy resolution of Dubna 
spectrometer, the lack of fast α-particle detectors with a big area sample in Geel and the lack of 
long flight paths in Los Alamos gave no possibility to investigate many dozens of the neutron 
resonances for an individual nucleus and to make statistical analysis of the α-particle strength 
functions Sα.  

Nevertheless the analysis of the experimental data for 147 Sm resonances [11], is giving the 
evidence for a possible energy dependence of the Sα values for energy bins 200-500 eV (~ 20-50 
resonances). This result presented by Fig.4. is contradicted to the statistics theory. On increasing of 
Sα values indicate and last measurement of this reaction in ORNL [12]. χ2=2.1 for Sα= const and 
χ2=1.2 for Sα~En for  neutron energy interval up to 700 eV. For more extensive interval (up to 
several tens of keV) this non-statistical effect may be investigated on IREN facility by measurement 
of average over resonances cross section of (n,α) reaction. And maybe it will confirm that the many 
quasi-particle component of the wave function is influence on the neutron cross sections. According 
to the calculation in the framework of quasi-particle phonon model by V.G. Soloviev’s group, the 
distance between the four quasi-particle “shells” for this atomic weight region is about several keV 
(fig.4). 

For many light and near magyc nuclei, where the distances between resonances are large, a 
noticeable contribution can also came from interresonance cross sections that are poorly measured 
by TOF technique in many cases. In same times interresonance effects can substantially change the 
picture. As an example for the possible important role of interresonance interference effects,we cite 
the following case. Measuring the thermal cross section of the (n,α1.) reaction on 145Nd and 67Zn, 
Ashgar and Emsallem [13] very well coincide with value calculated from the parameters of 
individual resonances [14], whereas for the (n,α0.) reaction the measured cross section [13] 
appeared an order of magnitude less than that calculated by the parameters of [14]. The analysis of 
the situation [15] suggests that the reason for the discrepancy of the results could be a specific 
interresonance interference. The nature of this specific effect (how much resonances take part in this 
effect, for example) may be investigated on IREN facility.  

Very surprised preliminary results were demonstrated in [15]. According to fig. 5 [16] the 
average value <Γα(Jπ=3-)> is twice smaller then value <Γα(Jπ=4-)> for En>300 eV although 
according to theory this relation must by reverse so long as α-trasitions for resonances Jπ=4- to the 
ground state Jπ=0+ are forbidden by parity conservation whereas  for resonances Jπ=3- are not, and 
must be 5 – 10 times larger as it is for En < 300 eV according to fig.5 [16] and old Dubna 
experiment [6]. This result may be caused by mistake in resonance spin identification, used by 
authors [16]. Measurements of α-particle spectra in resonances, planed on IREN, may give the real 
explanation of this problem.  
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Fig.4. Variability of the α-particle strength functions, Sα of 147Sm isotope for different 
energy bins. 

 
  
7.4 Experimental Approach 

 
A well collimated, well shielded beam line viewing the water moderator at the IREN will be 

required to carry out this research. The (n,p), and (n,�) measurements for astrophysics and applied 
physics will require sophisticated ion chambers and electronics and/or solid-state detectors. The 
basic nuclear physics experiments will require an automated sample changer and an efficient 
neutron detector at a flight path distance on the order of 10-85 m. The capital repairs of 10, 20, 30 
and 85 meter path of flight of beam-line 1 is necessary.  

Team members from Dubna, Lodz, ORNL and NUM are experts in designing, constructing 
and using ionization detectors for charged particles at white neutron sources. It is expected that 
students from collaborating universities will make substantial contributions to this effort. Many of 
the anticipated experiments, which we estimate would take one to two weeks to finish, would make 
excellent dissertation topics.  

The ionization chambers and their associated electronics should require about $100k. The 
main problem will be sample preparation (purchase).  
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