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Abstract 

Roman Shapovalov 

It is well known that two fission fragments (FF’s) are emitted essentially back to back in the 

laboratory frame. That can be used widely in many applications as a unique signature of 

fissionable materials. However, such fission fragments are difficult to detect. The energy and 

angular distributions of neutrons, on the other hand, are easy to measure, and that 

distribution will carry information about the fission fragment’s energy and angular spectra, 

as well as the neutron spectra in the fission fragment rest frame. 

 

We propose to investigate the two neutron correlation yield resulting from two FF’s as a 

function of different targets, the angle between the two neutrons and the neutron energies. 

The preliminary calculation of the two neutron correlation shows a huge asymmetry effect: 

many more neutrons are emitted anti-parallel to each other than parallel to each other. That 

asymmetry becomes even more if the energy cut on each neutron is done. This study will 

potentially permit a new technique for actinide detection for homeland security and 

safeguards applications as well as improve our knowledge of correlated neutron emission. 
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Outline 

Roman Shapovalov 

1. Statement of the physics problems 
 1.1. Simple summary of fission physics 
   1.2. Idea of 2n correlations 
 
2. Brief review of what has been done 
 
3. Our experimental set-up 
 
4. Expected results 
 4.1 Asymmetry calculation 
 4.2 Count rate calculation 
 4.3 Beam time calculation 
 
5. Summary, conclusion 
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Simple summary of Fission Physics (1) 

 

 

Roman Shapovalov 

Discuss: 
• up to the time scale of about 10−14 − 10−13 sec, 

when the prompt neutrons are emitted from 
the fully accelerated fragments 

Ignore: 
• Time scale greater then t > 10-10 sec, when 

prompt gammas and delayed β, γ and n are 
emitted 

Figure 1.1: Schematic representation of the fission process. Neutrons 
are emitted from fully accelerated fission fragments. The time scale 
gives the orders of magnitude only [26]. 

Assume: 
• no “scission” neutrons 
• all neutrons are emitted from fully accelerated 

fragments  
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Simple summary of Fission Physics (2) 

Roman Shapovalov 

 
 

It has long been known that the photofission reaction with a heavy nucleus goes through the intermediate 
compound nucleus. That intermediate nucleus is in an excited state followed by the emission of two fission 
fragments: 

Figure 1.2: The average TKE as a function of the heavy 
fragment mass. The solid line is the result of a least-square 
fitting of the experimental data sets [17]. 

Figure 1.3: Integrated fission fragments yield versus fragment mass for 
the photofission of 238U with 25-MeV bremsstrahlung [14]. 
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Simple summary of Fission Physics (3) 

Roman Shapovalov 

The angular distribution of individual FF’s: 
o Aage Bohr’s fission channel concept [5] 

o Ratzek et al. [11] 

 

 

 

 

 
 
 

Figure 1.3: Spectrum of theoretically expected low lying collective 
transition states for even-even nucleus at saddle point [11]. 

• even-even nucleus Jπ = 0+ 
• electric dipole (E1) transition 
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Simple summary of Fission Physics (4) 

Roman Shapovalov 

1) Simple kinematics of reaction: 

• If Eγ< 20 MeV    ->   the excited nucleus A* is almost in rest 

• FF1 and FF2 are flying in opposite direction in LAB 

2) Some facts about prompt neutrons: 

• All prompt neutrons are emitted from fully accelerated fragments 

• There are no “scission” neutrons 

• The light fragments will emit more neutrons. 

• Isotropic angular distribution in the CM frame 

• Evaporation spectrum of neutron 

      given by Maxwell: 

A 

I am so heavy, 
     I am in rest 



Below is a short summary of the photossion reaction mechanisms discussed above which 
will be used in the following to discuss the idea of the proposed two neutron correlation: 
 

• two fission fragments recoil essentially back to back. 

 

 

 

 
• the angular distribution of the prompt neutrons is 
     isotropic in the center-of-mass of the 
     FF’s with a statistical energy distribution. 

 

• each fully accelerated FF emits only one neutron. 
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Simple summary of Fission Physics (5) 

Roman Shapovalov 

FF 
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Idea of 2n correlation (1) 

Roman Shapovalov 

But: 
• The fission fragments are very difficult to detect. 
• Neutrons emitted by FF’s will fly outside of the target and could be easily detected. 

 
• Whether or not the asymmetry of fission fragments AFF is manifest in the 

correlated angular distribution of prompt neutrons? 

In order to answer this question, we propose to measure the two neutron angular and energy distributions 
with the ultimate goal of calculation the two neutron asymmetry: 
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Idea of 2n correlation (2) 

Roman Shapovalov 

1) Take a typical 1 MeV neutron in the center-of-mass frame of the fission fragment: 

2) Take two fission fragments with typical mass numbers A1 = 95 and A2 = 143 
 
 
 
 
 
 
 

• AFF   - asymmetry of two fission fragments 
• Wn   - washing effect due to isotropic angular distribution of neutrons in the FF rest frame 
• Wscat   - washing effect due to neutron multiple scattering effect inside the target and surrounding materials 

3) The expected 2n correlation asymmetry could be thought of as: 
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Review of what has been done (1) 

Roman Shapovalov 

• 1956, Winhold and Halpern [9]. 

Figure 2.1: The angular distribution, N(θ), of 
fission fragments from Th232 caught at the 
angles θ to the x-ray beam.  

Figure 2.2: The anisotropy in the photofission of 
three targets. The angular distributions were all 
assumed to be the form a + b sin2  [9]. 

• Motivation: 
        Goldhaber – Teller oscillation 
 

anisotropic photofission is due solely to photons 
with in about 3 MeV of the fission threshold 
(could be explained by A. Bohr model)         
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Review of what has been done (2) 

Roman Shapovalov 

• 1962, Bowman et al. [10]:  252Cf spontaneous fission, TOF to measure neutrons in coincidence with FF’s 

Figure 2.3: The ratio of measured 
to calculated values for  
 
(a) numbers of neutrons,  
(b) average velocities 
(c) average energies  
 
as a function of angles. 

no “scission” neutrons 10% of “scission” neutrons 



13 

Review of what has been done (3) 

Roman Shapovalov 

• Bowman et al. [10].  Continue… 

Figure 2.4: The center-of-mass neutron energy spectrum Φ(η) (CM) divided by η. The large dots - the neutrons 
emitted in the direction of the light fragments and the triangles - the neutrons emitted in the direction of the heavy 
fragments. The curve for light fragments was reduced by the factor 1.16.  Light – 11.25, heavy – 168.75 deg 
  

The results can be explained 
well by assumption of 
isotropic evaporation of 
neutrons from the fully 
accelerated fragments. 



14 

Review of what has been done (4) 

Roman Shapovalov 

• 1988, Budtz-Jorgensen and Knitter [12] 252Cf spontaneous fission,  TOF techniques 

Figure 2.5: Fission neutron energy spectrum 
divided by the square root of the neutron 
energy versus the neutron energy (LAB). The 
solid line is Maxwell energy distribution. 
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Review of what has been done (5) 

Roman Shapovalov 

• Budtz-Jorgensen and Knitter [12]. Continue… 

Figure 2.6: Fission neutron angular distribution in the fragment 
center-of-mass system integrated over all neutron energies Figure 2.7: Fission neutron intensity ratio N(90o)/N(0o) is 

plotted versus the fission neutron energy. The solid line is 
a theoretical line calculated with the assumption that 
there are no 'scission' neutrons and is in good agreement 
with the Budtz-Jorgensen measurements. 
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Experimental set-up (1) 

Roman Shapovalov 

We plan to use the HRRL LINAC to construct the beamline to produce the bremsstrahlung photons: 
• 20 ns pulse width 
• 10-80 mA peak current 
• hopefully 1000 Hz beam pulse repetition rate 

Figure 4.6: Bremsstrahlung spectrum of photons produced by 
7 MeV electrons hitting the Al radiator (Owens and Matthews) 

When electrons strike the radiator, that results in the 
bremsstrahlung radiation in the forward with respect to 
the beam direction. The typical energy spectrum of 
bremsstrahlung photons for the 7 MeV endpoint energy 
is shown in Fig 4.6. 
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Experimental set-up (2) 

Roman Shapovalov 

 
• The time of flight (TOF) technique will be used to identify neutrons and to measure 

their energy, with the start signal coming from the accelerator beam pulse. 

Figure 3.1: Typical TOF spectrum from photodisintegration of 
deuteron measured from previous HRRL runs. The distance 
from target to detector is about 2 m. The spectrum illustrate 
the ability to distinguish gammas peak from neutrons one. 
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Experimental set-up (3) 

Roman Shapovalov 

To maximize the 2n correlation yield such plastic 
scintillators will be placed at the angle of 90 degree 
with respect to the beam surrounding the target. 
Further thinking and calculation about the detector 
location should be done but, in principal, that will allow 
almost 2π cover as can be seen from Fig 3.2. 
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Experimental set-up (4) 

Roman Shapovalov 

Figure 3.3: Neutron detector with two 
PMT's attached to both each end. 
Neutron n hits the detector at distance y 
from rst PMT. The amplitude signals A1, 
A2 and TOF signals T1, T2 are measured 
from PMT1 and PMT2 correspondingly. 

To find the angle between two neutrons we need to find the position y where the neutron hits the detector 

• Both techniques can be used to calculate the position where the neutron hits the detector. 
• However the last method looks more simple and preferable 
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Experimental set-up (5) 

Roman Shapovalov 

Preliminary TOF measurements with 1 PMT attached to the end of the detector 

Two small plastic detectors 1 and 2 were placed above and under the "big" 
plastic detector and were moved along the "big" one. The triple coincidence 
between detectors 1, 2 and 3 from the cosmic ray was used as a start signal 
to measure the time as a function of distance.  

• The results show the ability to 
identify the source position as a 
function of measured TOF. 

 

Figure 3.5: TOF measurements with 1 PMT 
attached to the end of detector. 
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Expected results. Asymmetry calculation (1) 

Roman Shapovalov 

To estimate the expected asymmetry in 2n correlations, a Monte-Carlo simulation was performed: 
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Expected results. Asymmetry calculation (2) 

Roman Shapovalov 

After both angular and energy distributions of neutrons and FF's were sampled using the assumptions 
above, neutrons were boosted from the fission fragments rest frame into the laboratory frame. 

Figure 4.1: Angular distribution of 
prompt neutrons a (red) and b (blue) 
emitted by two fission fragments as 
seen in laboratory frame 

• angular distributions of both 
neutrons a and b look statistically 
similar 

 
• angular distribution is strongly 

anisotropic 
 
• the angular distribution of the FF’s 

is strongly manifested in the 
angular distribution of prompt 
neutrons in laboratory frame.  
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Expected results. Asymmetry calculation (3) 

Roman Shapovalov 
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Expected results. Asymmetry calculation (4) 

Roman Shapovalov 
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Expected results. Asymmetry calculation (5) 

Roman Shapovalov 

What can be done extra to improve calculation: 
 
• Use realistic FF's mass distribution   
 
• Use realistic multiplicity value 

 
• Use separate nuclear temperature T for each FF 

 
• Use realistic TKE 
 
• Calculate the neutron multiple scattering effect inside the target. 

 
 
• That all can be done later, however, the results of simulation show the huge asymmetry effect 

in 2n correlation. 
 

•  That will potentially permit a new technique for actinide detection for homeland security and 
safeguards applications. 
 

• Very interesting physics can be done here. 



26 

Expected results. Count rate calculation (1) 

Roman Shapovalov 

Assume we have N fission events per beam pulse. 

True coincidence - between two neutrons 
coming from the same fission event 

Accidental coincidence - between two neutrons 
coming from the different fission events 

We need to design the experiment in such a way 
that the following condition is satisfied: 
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Expected results. Count rate calculation (2) 

Roman Shapovalov 

Beam parameter: 
• Pulse width   τ = 20 ns 
• Peak current I = 20 mA 
• Energy 

Figure 4.5: 235U photofission cross 
section taken from ENDF/B-VII.0 
[25] 
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Expected results. Count rate calculation (3) 

Roman Shapovalov 

Bremsstrahlung  out of radiator: 

Bremsstrahlung after collimation: 
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Expected results. Beam time calculation 

Roman Shapovalov 

The count rate for two neutron detectors, located 2 m away from the target 

Figure 4.7: Two detector geometry 
located 2 m away from target 

• NG  is the geometrical detector efficiency, Ω 
• Nintr  is the intrinsic detector efficiency, assume 25% 
• Ncut  is neutron energy cut efficiency, for 1 MeV – 44% 
• 2.2  is the average number neutron per pulse 
• 103 Hz  is HRRL repetition rate 

16 neutron detectors (factor 64): 

Run 1 day: 
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Summary, conclusion 

Roman Shapovalov 



31 

Bibliography (1) 

Roman Shapovalov 

[1] K.S. Krane, IBntroductory Nuclear Physics, John Wiley & Sons, Inc., New York, 1988. 
 
[2] S.S.M. Wong, Introductory Nuclear Physics, John Wiley & Sons, Inc., New York, 1988. 
 
[3] V.Weisskopf, "Statistics and Nuclear Reactions", Phys. Rev. 52, 295 (1937). 
 
[4] M.Goldhaber and E.Teller, "On Nuclear Dipole Vibrations", Phys. Rev. 74, 1046-1049 (1948). 
 
[5] A.Bohr, On the theory of nuclear fission, Proc. 1st UN Int. Conf. on peaceful uses of atomic energy, Vol 2, 151, New York 1956. 
 
[6] E.J.Winhold, P.T.Demos, and I.Halpern, Phys. Rev. 85, 728(A) (1952) 
 
[7] E.J.Winhold, P.T.Demos, and I.Halpern, "The Angular Distribution of Fission Fragments in the Photossion of Thorium", Phys. Rev. 87, 1139-1140 
(1952) 
 
[8] A.W.Fairhall, I.Halpern, and E.J.Winhold, "Angular Anisotropy of Specic Thorium 
Photossion Fragments", Phys. Rev. 94, 733-734 (1954) 
 
[9] E.J.Winhold and I.Halpern, "Anisotropic Photossion", Phys. Rev. 103, 990-1000(1956) 
 
[10] H.R. Bowman, S.G. Thompson, J.C.D. Milton, and W.J. Swiatecki, Velocity and Angular Distributions of Prompt Neutrons from Spontaneous 
Fission of Cf252, Phys. Rev., 126, 2120 (1962). 
 
[11] R. Ratzek, W. Wilke, J. Drexler, R. Fischer, R. Heil, K. Huber, U. Kneissl, H. Ries, H.Stroher and R. Stock, et al., Photossion with linearly polarized 
photons , Z.Phys.A - Atom and Nuclei 308, 63 (1982). 
 
[12] C.Budtz-Jorgensen and H.-H.Knitter, Simultaneous investigation of fission fragments and neutrons in 252Cf (SF), Nucl. Phys. A490, 307 (1988). 
 
[13] U.E.P. Berg and U. Kneissl, Ann. Rev. Nucl. Part. Sci. 37, 33-69 (1987). 
 
[14] A. De Clercq, E. Jacobs, D. De Frenne, H. Thierens, P. D'hondt, and A. J. Deruytter, Fragment mass and kinetic energy distribution for the 
photossion of 235U and 238U with 25-MeV end-point bremsstrahlung, Phys. Rev. C 13, 1536 (1976). 



32 

Bibliography (2) 

Roman Shapovalov 

[15] E.Jacobs, A.De Clercq, H.Thierens, D.De Frenne, P.D'hondt, P.De Gelder, and A.J.Deruytter. Fragment mass and kinetic energy distributions 
for the photossion of 235U with 12-, 15-, 20-, 30-, and 70-MeV bremsstrahlung, Phys. Rev. C 24, 1795-1798 (1981) 
 
[16] W.Wilke, U.Kneissl, Th.Weber and all., Photossion of 238U with monochromatic gamma rays in the energy range 11-16 MeV, Phys. Rev. C 42, 
2148-2156 (1990) 
 
[17] Talou, P. and Becker, B. and Kawano, T. and Chadwick, M. B. and Danon, Y. Advanced Monte Carlo modeling of prompt fission neutrons for 
thermal and fast neutron-induced fission reactions on 239Pu, Phys. Rev. C, 83, 064612 (2011). 
 
[18] V. F. Apalin, Yu.N. Gritsyuk, I. E. Kutikov, V. I. Lebedev, and L. A. Mikaelian, Nucl. Phys. 71, 553 (1965). 
 
[19] C.Wagemans, E.Allaert, A.Deruytter, R.Barthelemy, and P.Schillebeeckx, Comparison of the energy and mass characteristics of the 
 239Pu(nth; f) and the 240Pu(sf) fragments, Phys. Rev. C 30, 218 (1984). 
 
[20] V.M.Surin, A.I.Sergachev, N.I.Rezchikov, B.D.Kuz'minov "Yields and kinetic energies of fragments in the fission of U233 and Pu239 by 5.5- and 
15-MeV neutrons", Yad. Fiz.14, 935 (1971). 
 
[21] C.Tsuchiya, Y.Nakagome, H.Yamana, H.Moriyama, K.Nishio, I.Kanno, K.Shin, and I.Kimura, "Simultaneous Measurement of Prompt Neutrons 
and Fission Fragments for 239Pu(nth; f)", J. Nucl. Sci. Technol. 37, 941 (2000). 
 
[22] M.Asghar, F.Caitucoli, P.Perrin, and C.Wagemans, "Fission fragment energy correlation measurements for the thermal neutron ssion of 
239Pu and 235U", Nucl. Phys. A 311, 205 (1978). 
 
[23] P.Talou, T.Kawano, O.Bouland, J.E.Lynn, P.M�oller, and M.B.Chadwick Proceedings of the International Conference on Nuclear Data for 
Science & Technology ND2010, April 26-30, 2010, Jeju Island, Korea. 
 
[24] K.-H. Schmidt and B. Jurado. "Entropy Driven Excitation Energy Sorting in Superuid Fission Dynamics", Phys. Rev. Lett. 104, 212501 (2010). 
 
[25] National Nuclear Data Center, http://www.nndc.bnl.gov/ 
 
[26] Burcham, William Ernest, Elements of nuclear physics, Longman Inc., New York 1979. 
 
[27] Yujong Kim, Private communication, ISU Physics Department, 2011. 
 
 

http://www.nndc.bnl.gov/�
http://www.nndc.bnl.gov/�


33 



34 Cyriel Wagemans, The Nuclear Fission Process, CRC Press, 2000. 



35 
C.Budtz-Jorgensen and H.-H.Knitter, Simultaneous investigation of fission fragments and neutrons in 252Cf (SF), Nucl. Phys. A490, 
307 (1988). [12]  



36 
C.Budtz-Jorgensen and H.-H.Knitter, Simultaneous investigation of fission fragments and neutrons in 252Cf (SF), Nucl. Phys. A490, 
307 (1988). [12]  



37 Cyriel Wagemans, The Nuclear Fission Process, CRC Press, 2000. 



38 K.S. Krane, IBntroductory Nuclear Physics, John Wiley & Sons, Inc., New York, 1988. [1]  



39 



40 


	Slide Number 1
	Abstract
	Outline
	Simple summary of Fission Physics (1)
	Simple summary of Fission Physics (2)
	Simple summary of Fission Physics (3)
	Simple summary of Fission Physics (4)
	Simple summary of Fission Physics (5)
	Idea of 2n correlation (1)
	Idea of 2n correlation (2)
	Review of what has been done (1)
	Review of what has been done (2)
	Review of what has been done (3)
	Review of what has been done (4)
	Review of what has been done (5)
	Experimental set-up (1)
	Experimental set-up (2)
	Experimental set-up (3)
	Experimental set-up (4)
	Experimental set-up (5)
	Expected results. Asymmetry calculation (1)
	Expected results. Asymmetry calculation (2)
	Expected results. Asymmetry calculation (3)
	Expected results. Asymmetry calculation (4)
	Expected results. Asymmetry calculation (5)
	Expected results. Count rate calculation (1)
	Expected results. Count rate calculation (2)
	Expected results. Count rate calculation (3)
	Expected results. Beam time calculation
	Summary, conclusion
	Bibliography (1)
	Bibliography (2)
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40

