Effect of Rotation of Heavy Nucleus in the
Fission by the Cold Polarized Neutrons

1Gagarski A., 2Coennenwein F., 'Guseva l., 3Kopach Yu., ‘Mutterer M., 'Petrov
G., >%6Tyuirin G., 'Zavarukhina T., 5Kuzmina T., "Nesvizhevsky V., “Soldner T.

1 petersburg Nuclear Physics Institute, Gatchina, RUSSIA

2 Physikalisches Institut, Tiibingen, GERMANY
3 Frank Laboratory, JINR, Dubna, RUSSIA

4 Institut fiir Kernphysik, TU Darmstadt, GERMANY
o Khlopin Radium Institute, St.Petersburg, RUSSIA

6 pepartment of Physics, University of Jyvaskyla, FINLAND

7 Institut Laue-Langevin, Grenoble, FRANCE

(08-14).06.2009 Ultra Cold and Cold Neutrons, Physics and Sources 1



Introduction

For 252Cf from M. Mutterer et al.
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Ternary fission by polarized neutrons
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What happens if we
reverse the spin?

The angular
distribution of the
LCP may be
changed!

W(Q) ~ o, [pxpre]
(K. Schreckenbach, 1988)
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TRI-effect
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W(0) =1 + Digr 0, [PXP1p]
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ROT- effect
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Schematic diagram of ROT effect appearance in
ternary fission
(Shift of LCP angular distributions)

Observed shift of LCP angular distribution
In 235U: 92 = 61 ~ 0.20
in 239Pu: 92 = 61 ~ 0.020

Anticlockwise rotation

Clockwise rotation
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Main forces acting in rotating system

 ROT: motion in Coulomb field after scission of rotating
nucleus, direct indicator of the rotation, allow to determine the

velocity and direction of the rotation
« TRI: influence of the rotation onto axial symmetry in the neck
just before rupture or directly at rupture moment

Fenn :m.[rxd_w} Feoi =—2M-[vx ]

F Catap

Rotation of the system had been confirmed recently by observation
of “ROT-effect” for y-rays from fragments in 23°U(n,f) (Danilyan et al.)
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Experimental method
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« Measurement of all involved
angles:

v'Diodes size ~30x30 mm?
v'Position sensitive MWPCs (~ 2 mm)

 Spectroscopy of fission

products:

v'Energies of TPs,

v'Masses and energies of FFs from
times of flight

* Neutron spin flip frequency 1 Hz
 Relative measurements

NO ) N°(8,..)— N'(@.,...)
()= N°(8,...)+N'(0,...)

* Control and suppression of false setup asymmetries:

v'Comparing of A obtained for events recorded by symmetrical detector

combinations
v'Depolarized neutrons beam

(08-14).06.2009 Ultra Cold and Cold Neutrons, Physics and Sources 8



The set-up
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The TRI-asymmetry in the counts rates

Bla-bla-bla
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The ROT- asymmetry in the counts rates
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Dependences of the Asymmetries on LF-LCP angle

A) = Sror [ L j+ D )

2.Y(6) A= @i N©)

Y(6) - the experimental angular distribution

Y(0) - its derivative

Spor Is characteristic parameter of ROT-effect— the angular shift
between TP-distributions for the two spin polarizations

D.,,  characterized TRI-effect — it is one half of the relative
difference in total probabilities for TPs to be emitted
towards the upper (lower) hemisphere for the two spin
directions

Corrections:

— degree of polarization of the neutron beam

— admixture of accidental coincidences

— portion of wrongly identified LF-HF

— the geometrical efficiency

(08-14).06.2009 Ultra Cold and Cold Neutrons, Physics and Sources 12



Experimental asymmetry dependencies
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Experimental results (2005 — 2008)

TRI and ROT- effects parameters for a-particle

Reaction
235)(n,f)*
23y, f)*
245Cu(n,f)

9Pu(n,f

J

3, 4"

2+, 3+

2+, 3+

0+, 1*

SROT ( o)

(0.215 + 0.005)

(0.02 = 0.03)

(0.020 + 0.003)

Drgy (x10°)

+(1.7+0.2)

~(3.90 £ 0.12)

(1,30 + 0.12)

—(0.23 + 0.09)
(2008)
—(0.08 + 0.11)
(2002)

* In the cases of 233.235U(n,f) D;g, (%x103) for tritons were measured

being equal: - (2.9 £ 0.5) and (0.9 £ 0.6) respectively
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Qualitative picture of fission process
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Model of ROT-effect
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Semi-classical estimation of fissioning system rotation
momentum

R’ =03 =#2-(J(J+1)—-K?)
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Trajectory calculations

* Starting scission configuration was optimized to

describe known experimental angular and energy
distributions of ternary particles.

 Main steps: o(J,K) R @ w (R~0.7 h for 235U)

e To describe the main characteristics of ROT-effect
ones need to know the ratios of different resonance
cross-sections for two transition states (J, and K,,)
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Ranges of the main parameters used in trajectory
calculations of LCP emission by rotating fissioning
nucleus (~2.5-10° trajectories)

Input parameter Symbol Value Unit
Mass ratio M,/ M, 1.44
Distance between fragments d 20.2 103cm

(18 + 22)

Initial velocity of heavy fragment Vy 0.26 10° cm/s
Initial distance of LCP from heavy In between
fragment X, fragments 10-3cm
Initial distance of LCP from fission Yo
axis 0+1.83 103cm
Initial energy of LCP E, 0.1+13 MeV
Initial angle of the LCP with respect
to the fission axis 6, 0+180 degree
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TRI and ROT effects parameters

Reaction J Sror(°) D, (x103)
235 (n,f) 3,4 | 0.215 £ 0.005 +1.7 £ 0.2
233Y(n,f) 2+, 3* 0.02 + 0.03 -3.90 + 0.12
239py(n,f) 0*,1* | 0.020 £ 0.003 | -0.23 +0.09

« Variation of ROT-effect values: may be explained by different
mixtures of (J,K) channels in the proper cross-sections

« Variation of TRI values : connected with interplay between
Coriolis and Catapult forces. Catapult forces are appeared
always if dw/dt = 0, while values of Coriolis forces depend on
vibrations related with different K values). Higher K = lower R!
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Results of the ROT-effect shift calculations in
235U(n,f) (in degrees)

'W K=0 | K=1 | K=2 | K=3
J=4

K=0 |0.184 |0.192 |0.215 |0.253
K=1 |0171 |0.178 |0.201 |0.240
K=2 |0129 |0.140 |0.160 |0.198
K=3 |0.060 |0.068 |0.091 |0.129
K=4 |-0037 |-0.029 |0.006 |0.032

(08-14).06.2009

O'(J=4)/O'(J=3) = 1. 8 (Yu. Kopatch et al)
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Results of the ROT-effect shift calculations in
233U(n,f) (in degrees)

=2 |[K=0 K=1 K=2
J=3

K=0 0.032 0.050 0.102
K=1 0.021 0.038 0.090
K=2 -0.013 0.004 0.056
K=3 -0,070 -0.053 0.0006

o(J=4)/o(J=3)=1.5
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Results of the ROT-effect shift calculations in
239Pu(n,f) (in degrees)

J=0|K=0 0.027 ifo(J=0)o(J=1)=1.53
J=1 (from the old BNL-data

_ But o(J = 0)/o(J =1) =4.42
S ULE (from the new BNL-data)!!!!
J Old data J New data

0 .os76 1 -150.46

K =1 0.027 1 +0206 1 -15.460

1 +7.820 0 -6.917

0 -0.219

1 +0.296

1 +7.820

The data analysis had shown very high sensitivity of the results to
the main parameters of fission process dynamics
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1

Nearest perspectives

. TRI and ROT-effects measurements in 234U* (J =2+, 3+) with better accuracy

Compare TRI and ROT-effects in 234U* and 242Pu* having the same spins of
transition states (J =2+, 3+)!

Compare TRI and ROT-effects in the pair23¢U* and 246Cm* (J = 3, 4)

Direct comparison TRI- u ROT-effects values p—
in 23U(n,f) reaction at the energies of cold el
neutrons and in vicinity of 0.3 eV resonance o -

Investigate TRI- u ROT-effects values for the o
protons in ternary fission of 2>°U e

Analysis of possibility to study TRI- n ROT- ao0 |
effects in ternary fission of polarised 23°U

Continuation of the search investigations of N

TRI- u ROT-effects for fission neutrons and e
y-rays in the reactions 233235U(n,f) 23°Pu
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Conclusion

 The new effects of T-odd asymmetry of the LCP emission in
ternary fission being observed in the frameworks of the wide
international collaboration opened the new and perspective
possibilities for the studies of low energy fission dynamics.

 Physical results have being obtained already in the first
investigations demonstrated close connections of the main
characteristics of the ROT and TRI-effects with the properties
of transition states and parameters of fission products near
the rupture point.

« Taking into account the decisive role of the transition states
parameters in the T-odd effect mechanism of appearance of
particular interest is further development in the nuclear data
acquisition for low energy neutrons initiating the fission of
233,235U and 239Pu_

 Detailed theoretical investigations of the T-odd asymmetry
phenomena being attractive use for experimental data analysis
are a prime necessity!
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Fitting for individual slices of the parameters

* The fission events data were

210 ¢+ ¢ o ¢ sorted into “slices” over
o parameters: Ep, M, , E,
3, * Fitting by model function
5= U4 ]
0.2 * Dror{Etp); Dror{M\g), Dror{Eiot);
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TRI-effect in 23°U (D5, “SCALING” coefficient )
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Trajectory calculations of ROT effect in 23°U
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OCHOBHbIEe JKCNMepuMeHTalibHble pe3yinbTaTbl

(TRI acbchekT B 233U)  (2000-2003 r.)
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Cratuctnyeckas mogenb byHakoBa

ana TRI- acmmMmeTpumn

« EcTb HeKoTOpbIU BKNnapg,
HavasribHOro criuHa HeMTpoHa B
COOTBETCTBYHLLYIO NPOEKLUIO
YrrioBOro MOMeHTa OCKOJIKOB B
MOMEHT AerneHus

« TP yHOCUT yrnoBOM MOMEHT U3
Aensuwencs CUCTeMbl

- B 3aBMcumMocCTM OT HanpaBneHus
amuccum TP, cooTBeTCTBYIOLLaNA
npoeKuunsl yrnoBoro MOMeHTa
OCKOJIKOB yBenuumBaeTcsi Unu
yMeHbllaeTcs

* MJIOTHOCTb YPOBHEN CUCTEMbI
3aBUCUT 3TOM NpoeKUuuun, a B
CTaTUCTUYECKOU Moaenu
NJIOTHOCTb YPOBHEN onpeaenseT
BEPOSATHOCTb
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KAYECTBEHHASA KAPTUHA INTPOLUECCA AEJIEHUA
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Hauobonee akmyanvnas npoodiema cospemenHoul pusuku oenenus — OUHaAMuKa
CRYCKa CUbHO 0ehopmuposannozo aopa c dapvepa u e2o papvis!
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Theoretical equation for T-odd asymmetry coefficient in
statistical model (V. Bunakov et al.)

Spin of compound nucleus

Angular momentum of LCP
/ Level density parameter
2
h J_a
~ P i PU)
2‘5 E \— Polarization sharing between FF

\ Internal fragment excitation

Moment of inertia

/ Compound nucleus polarization

Because of anticorrelation E,; = E, ™ (1 - E_/ E ,m2X) and if <E, ;> ~ 6 MeV
D,~1/(6-0.2E_ )2
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UccnepoBaHue T-HE4YE€THOM acCUMMeETPUM B 3aBUCUMOCTHU OT
napameTpoB NMPOAYKTOB AeNeHUs

PIN -diodes

* HeutpoHHbIn ny4ok (PF1 B UJI):
<A> ~ 4.5A; @, . ~6x108 n/cm?s; npoaonbHO
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cdnunnep 1My -- .

mwee Al Z

* MuweHb ~3.4 mr 233U (UF,) ~100 mkr/cm? Ha
TOHKOM TUTaHOBYHO NneHke (~100 Mkr/cm?)

* 12 + 12 PIN anopos ansa TP, kaxabin 30 x 30
MM, TornwmHa 380 MKm

th
=2 ]
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44

 KoopauHaTtHasa yyBcTBUTesribHoctb MWPC (~2 42

MM o obeum KoopaAnHaTaM) = MOSIOXeHUue Ha
MULLUEHU U YINbl = MOXHO onpeaeriuTb:

— MaccCy OCKOJIKOB : M1/M2 ~T1/T2,
— KWHETUYECKYI0 aHepruto: E=ET1+E2 ~L2-A/2T1-T2 |
(PaspelweHne HeBenUKo @, Nnockonbky AT/T~1/10)
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Model of ROT-effect

* The collective rotation lasts also during the acceleration
phase of TPs in Coulomb field of the FFs.

* The rotation deflects the LCP trajectory in the
coordinate frame linked with FFs towards or away from
the LF depending on the rotation direction.

SROT

(08-14).06.2009 Ultra Cold and Cold Neutrons, Physics and Sources 34



(08-14).06.2009

Mopenb ROT-adbdekTa
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TRI-EFFECT OF T-ODD ASYMMETRY FOR THE LIGHT
CHARGED PARTICLE EMISSION IN TERNARY FISSION

W(Q) =1 + <Dyep> 0, 8EPs X P,]

nucleus 233U*(+2, +3) | 23%U*(-3, -4) 240Py*(+1, +0) | 24Cm*(+2, +3)
spin

<D>
<D_>103 [-(3.90+0.12) [+(1.24+0.15) |-(0.08+0.11) |+ (1.30+0.48)
<D>-103 -(29+0.5) |+(0.90+0.61) — —

Questions to the theory:

e Different values of TRI-effects in very similar fissioning systems
e Absence of TRI-effects in 239Pu fission (relatively small spin ets)
¢ \Very similar TRI-effects for a and t-particles with different spins

(08-14).06.2009
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Remark: Search for TRI- u ROT-effects for
neutrons
will be performed in the framework of the PNPI of
RAS

Program for the search and investigations so
called
“scission neutrons” emitted near the rupture
point.
Studies of “ROT-effect” for y-rays will be
performed in connection with a problem of large
oriented moments of fission fragments.
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