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Abstract. The investigation of the ROT effect for the fissioning nuclei in the process 

has been continued at the FRM-II Munich reactor (Germany). The experiment with 
235

U 

target was performed at a polarized monochromatic neutron beam with an energy of    

60 meV provided by the POLI instrument, in order to figure out the dependence of the 

effect on the incident neutron energy. Up to now all measurements of the ROT effect 

were performed for the cold neutron induced fission, where several fission channels are 

mixed with unknown weights. The correlation coefficient for 60 meV neutrons was 

found to be A  = (1.25±0.31)·10
4
, which is compared with the corresponding values for 

235
U, obtained with the cold neutrons: A  = (1.66±0.16)·10

4
 (by the ITEP group). 

I. INTRODUCTION 

 The ROT- -rays emitted from neutron 

induced fission was measured, which is expressed as the angular correlations between the spin 

of the incident neutron , momentum direction of the light (heavy) fission fragment (FF) pf 

-ray emission of the type: 

R f × p ]. 

 The ROT-effect, which is formally T-odd effect, was measured for the first time in the 

emission of alpha particles in ternary fission of 
235

U induced by cold polarized neutrons [1]. It 

was observed as a small rotation of the angula -particles from ternary fission 

relative to a plane formed by FF momentum and the neutron spin direction. This effect was 

explained in a semi-classical model as a result of the collective rotation of the fissile nucleus 

at the moment of its rupture and named as ROT-effect (from the rotation). Due to rotation of 

the fissioning system, fission fragments receive the orbital momentum, and the axis of 

fragment emission slightly rotates relative to the deformation axis of the nucleus at the 

moment of scission. 



 In ternary fission, the description of the ROT-effect of a fissile nucleus is complicated 

-particle emitted by the fissile nucleus at the moment of its rupture can 

also receive the orbital momentum. In addition, its motion is significantly affected by the 

electric field of the emitted fragments. All this leads to the fact that the ROT-effect in ternary 

fission is difficult to describe in the classical approximation, without involving model 

parameters and trajectory calculations. Existing quantum models [3-5] explain the presence of 

the ROT-effect, but not its magnitude. 

 Nevertheless, after the discovery of the ROT effect for -particles in ternary fission, it 

-rays and 

neutrons accompanying the binary fission, where its theoretical description can be simpler. 

The ROT-effect for gamma-rays and neutrons is possible, because the angular distribution is 

anisotropic with respect to the deformation axis of the fissioning nucleus at the moment of 

scission, and the asymmetry with respect to the initial direction of the deformation axis is 

fully or partly conserved after the escape of the fragments to infinity. Indeed, a similar effect 

-rays and neutrons in fission of 
235

U and 
233

U, 

-particle emission from 

ternary fission [6-8]. As for the ROT- -particles of ternary 

fission of 
235

U and 
233

U nuclei [2], the ROT- -rays 

and neutrons for these two uranium isotopes was very different. 

 At present, there are several theoretical models which can describe the ROT-effect. 

These models use two fundamentally different approaches to the description, “classical” and 

“quantum”. In the classical model, due to the impossibility of dividing the process of ternary 

fission into two consecutive stages, trajectory calculations are used. And quantum models at 

the moment suffer from a lack of predictive power. 

 Further study of the ROT- -rays and 

neutrons from fission may shed light on the question of the applicability of various models 

describing the ROT- -particles from the ternary 

fission. At present, one of the main problems is to understand why two very similar uranium 

isotopes 
235

U and 
233

U exhibit a quite different behavior with respect to the effects of T-odd 

asymmetry in ternary fission. According to the authors of [4], the reason for this difference 

lies in the different phase factors of the interfering neighboring neutron resonances. In any 

case, it seems important to clarify this issue. Obviously, the most direct way to answer this 

question is to provide the measurement of Todd effects for isolated resonances with well-

known spins. 

 The next problem is the dependence of the magnitude of the ROT-effect on the energy 

of neutrons causing the fission. The study of this dependence can help understanding such 

details of the fission mechanism as the transition of the nuclear polarization at the angular 

momentum of fission fragments. According to the model proposed in [10], the ROT-effect 

depends on the quantum numbers J and K (angular momentum and its projection on the 

deformation axis, respectively), which characterize the fission channels introduced by A. Bohr 

[9]. Up to now, all measurements of the T-odd effects were performed for the cold neutron 

induced fission, where several fission channels are mixed with unknown weights [10]. In 

order to disentangle different spin states and get “clean" data on the J and K channel-weights 

one can perform measurements with different incident neutron energies. The FRM-II reactor 

at MLZ in Garching with its unique hot neutron source provides an almost perfect 

instrumentation for such measurements. 

 

 







-rays and fission fragments were recorded by the 

counters for two opposite directions of the neutron-beam polarization. These count rates were 

used to monitor the status of the setup and instrumental asymmetry. The frequent spin flip of 

the incident neutron beam served as one of the main mechanisms for suppressing instrumental 

asymmetry. Therefore, special attention was paid to the stability of the measurement time for 

opposite values of the neutron spin. The scaler controlled the data acquisition time with an 

accuracy of 10
6
 sec. For each triggered event (coincidence between one of the FF detectors 

-ray/neutron detectors) the data from the TDC and ADC were stored as list-

mode-data together with the information about the spin sign. During one day of 

measurements, about 5 GB of compressed data were collected, divided into 5-minute 

expositions, which were then analyzed off-line. 

 

III. EXPERIMENTAL RESULTS 
 

The main goal of the data processing was to determine the T-odd asymmetry 

-rays and fission fragments with 

respect to the direction of neutron beam polarization for each angle, calculated by the 

formula: 

 

[N
+

]/[N
+

],                                (1) 

 

where N
+

and N  -ray count rates for a selected angle between the detectors at 

two opposite directions of neutron polarization. In the Table I presented the asymmetry 

coefficient R  determined from the experimental data according to Eq. 1, measured for 

coincidences of the pulses from eight independent plastic detectors with each pulse from ten 

stop counters. Thus data were accumulated for 16 different angles between the axes of the 

-ray detectors in the experiment. 

 

TABLE I. Angular dependence of the ROT asymmetry 

 

Angle R , 10
4
 Angle R , 10

4
 

0 

22.5 

45 

67.5 

90 

112.5 

135 

157.5 

-0.6± 0.9 

-0.4± 0.8 

-2.0± 0.9 

-0.3± 0.9 

1.8± 0.9 

1.5± 0.9 

2.2± 0.9 

0.7± 0.9 

180 

202.5 

225 

247.5 

270 

292.5 

315 

337.5 

-0.2± 0.9 

-0.8± 0.9 

-0.1± 0.9 

-0.8± 0.9 

-0.5± 0.9 

0.3± 0.9 

1.4± 0.9 

1.3± 0.8 

 

-ray emission anisotropy A with respect to the fission axis for the 

fragments of binary fission of a polarized 
236

U
*
 compound nucleus was measured in the same 

experiment (Fig. 3). 

 



 
FIG. 3. -ray angular distribution. The curve is the result of approximation by Eq. (2). 

 

-quanta and their energy distribution in the process of 
235

U nuclei 

fission by thermal neutrons was studied in more detail in [14]. According to this work, on 

average, 6.51± -quanta, the average energy of which is 0.99±0.07 MeV, fall on the act of 

-rays relative to the fission axis is anisotropic. 

The simplest integral parameter characterizing this anisotropy is the anisotropy coefficient A, 

defined as A = 1 W (0 )/W (90 ). The value of the anisotropy coefficient for the angular 

-rays of 
235

.13 [15]. Although this value is 

significantly lower than in the ang -particles of ternary fission, such a 

noticeable anisotropy nevertheless makes it possible to search and study the ROT-effect of the 

-rays. For gamma radiation of an 

unpolarized fissioning system, the angular distribution can be expressed by [16]: 

)·(1 + A·cos
2

,                           (2) 

where A is the angular anisotropy coefficient. The obtained experimental value of the 

anisotropy coefficient in this work was A = 0.08(2). It has to be noted that this value is not 

-rays in the detectors. For the 

analysis of the ROT effect this uncorrected value has to be used, as all possible effects, 

connected with the geometry of the experimental setup are the same in both cases. 

 When a polarized fissioning system rotates around its polarization direction the axis 

-

T

the T- -rays can be written by this equation: 

· · ·cos
2

.                           (3) 

The results listed in the table 1 are shown in Fig. 4. These experimental data were 

approximated by Eq. (3). The given expression makes it possible to obtain the angle of 

rotation the polarized fissioning system. The angle of rotation of the 
236

U
*
 nucleus was 

0.09(2)
0
. The result is still preliminary, as not all systematic errors are taken 

into account. 



 
FIG. 4. Experimental angular dependence of the T-odd asymmetry coefficient R -ray 

emission in 
236

U
*
 fission. 
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