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PROCESSES OF NUCLEOSYNTESIS.
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NUCLEOSYNTHESIS OF THE HEAVY NUCLEI
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| - METHOD: r —Process equations for the concentration calculations

Concentrations n(A,Z) are changing in time (may be more than 4000 equations):

dn(A, Z)/dt=— kE(A, Z)N(A, Z) - (A, 2)N(A, Z) + A (A+1, Z)n(A+1, Z) +
+ kny(A—l, Z)n(A-1, Z) - KYH(A, Z2)n(A, Z2) +
+ (A, Z-1)N(A, Z-1)  Py(A, Z-1) + + Ay(A+1,Z-1)n(A+1,2-1) P, (A+1,Z-1)+
+ A (A+2,Z-1)N(A+2,Z-1) P, (A+2,Z-1) + Ag(A+3,Z-1)n(A+3,Z-1) P, (A+3,Z-1)+

+® (A, Z) + F (A, 2),

A, and A, —rates of (n,y) and (y,n) -reactions, A,=In(2/T,,) —B-decay rate, P, - probability of
(A Z) nuclide creation after p-—-decay of (A,Z- 19 nuclide. Branching coeff|C|ents of isobaric
chains - P,,, P,., P,, corresponds to probabilities of one-, two- and three- neutrons emission
in - decay of the neutron-rich nuclei; the total probability of the delayed neutrons emission

IS the sum: Pn _ ZPkn

k
F: (A, Z) describes fission processes.

Neutrino capturing processes are not included (@ (A, Z) = 0)

Inner time scale is strongly depends on the nuclear reactions rates.




NUCLEOSYNTHESIS WAVE MOVEMENT
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B-Delayed processes in very neutron-rich nuclei

Delayed neutrons emission - (f,n) E,

Multi-neutron B — delayed
emission - (B,kn)




Beta — Delayed Multy-Neutron Emission

Probability for 2n - emission: GTR tail
Qp | ) A DIGMYy reSOnaNnces
f(Z+1,Q, —E)S,(E)WY(E_,E_)dE Y SN B ol S
. Izm PR an\ ;
2n Qp . 20 J f 74 A_Z
g;ﬂquB —E)Sy(E)dE Q,ni e _r‘____i?. _____ il ]
7
QB ¥ _ o J__ : 0 A'1Z+18
Probability for kn - emission: ?___ f”””” Zn
o B
Qp Qy, - e xmm e - I ¥
P = | [I;(U)W,(U,E)dUdE Th N\
By, 0

U, 15(U) — energies and intensities in the daughter nucleus,
W, (U, E) — probability of neutron emission:

T, (E)q;(U-E~-B,)

W, (U,E) = -

g; and g — level densities of [T, (E"q¢(U—-E-B,)dE'+2nq; (U)T, (U)
compound and final nucleus, 0
T (E) — transitivity factor
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BETA-STRENGTH FUNCTION FOR '%7Xe
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1 - Breaking line — experimental data (1999): M. Palarczyk, et. al. Phys. Rev. 1999.

V. 59. P. 500;

2 - Solid red line TFFS calculations with e,= 0.9 ;
3 - Solid black line — calculations with e,= 0.8 : Yu.S. Lutostansky, N.B. Shulgina.

Phys. Rev. Lett. 1991. V.67. P. 430;




BETA-DELAYED NEUTRONS IN NUCLEOSYNTESIS
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Calculated abandancies: 1— with out (d,n)-effect; 2 — with (d,n)-effect; in the relative units
(T=10°K, n, =10% cmd).

Pacuert: JIrorocrancknuii 1O.C., [Ianos U.B., Cunioxosa O.H., ®uiaunos C.C., Yeuerkun B.M.
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DYNAMIC MODEL OF NUCLEOSYNTHESIS

Yelds of Nuclei,
calculated in static
(curve 2) and
dynamic pulse r — 8-
processes L /
(curves 3 and 4). * ’
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Curves 2 and 3
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The production of transuranium Smu
iIsotopes was accomplished for the S
first time in  the  “Mike” g e’y

thermonuclear experiment. Under

the “Plowshare” project (United
States), a series of experiments were
performed (“Anacostia,” “Par”
“Barbel,” “Tweed,” “Cyclamen,”
“Kankakee,” “Vulcan,” “Hutch,”
and so on) to study heavy isotope
production .

25TFm was registered
in “Par” exp.
Vulcan
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“Hutch” experiments
integral fluxes were
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4.5-102° neutron cm2,
respectively .
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Significant Nuclear Tests in the U.S.A.
Heavy Element Program

Event Date Power FI“EI‘EE Target
(n/cm’)
Mike | 31.10.1852|  104Mt | (1.2-18) 10% U
Anacostia | 27.11.1962 < 20 kt 310 =87
_Par | 05101764 _38 ket ~ 6.6 10% <77
Barhel | 16101964 | <20kt ~ 66 10% =47
Tweed | 21051965 < 20 kt ~7210% | ¥, R
Cyclamen | 05.05.1966 12 kt ~10810% | U Am
Kankakee| 1506.1966 | (20—-2000kt | 7.2-10% ST
Vulcan | 25061966 25 kt <7105 |
Hutch | 16.07.196% | (20-200)kt | (2.1-2.7)-10% | 17, **Th

There is no obvious relationship between the power of the explosion and the neutron flux




r(rapid) — process In the explosive nucleosynthesis
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Il - METHOD: r —Process equations for the concentration calculations

Concentrations n(A,Z) are changing in time (may be more than 4000 equations):

dn(A, Z)/dt=— kE(A, Z)N(A, Z) - (A, 2)N(A, Z) + A (A+1, Z)n(A+1, Z) +
+ Ay (A-1, Z)N(A-1, 2)—A (A, 2)N(A, Z) +

+Ag(A, Z-1)n(A, Z-1)-Pg(A, Z-1) + + Ag(A+1,Z-1)n(A+1,2-1)-P, (A+1,Z-1)+

+ A (A+2,Z-1)N(A+2,Z-1) P, (A+2,Z-1) + Ag(A+3,Z- B (A+3,Z-1)+

+ DAZ) + Fe(A, 2),

A, and A, —rates of (n,y) and (y,n) -reactions, A,=In(2/T,,) —B-decay rate, P, - probability of
(A Z) Auclide creation after —-decay of (A,Z- 19 nuclide. Branching coeff|C|ents of isobaric
chains - P,,, P,., P,, corresponds to probabilities of one-, two- and three- neutrons emission
in - decay of the neutron-rich nuclei; the total probability of the delayed neutrons emission

IS the sum: Pn _ ZPkn
k

F: (A, Z) describes fission processes.

Neutrino capturing processes are not included (@ (A, Z) = 0)




11 - METHOD: neutron capturing and -decay process are separated in
(ADIABATIC MODEL) time and calculated separately.

All time scale of the explosion is divided on small nanoseconds time intervals where all
parameters considered to be constant and the expansion process is - adiabatic. For
subsequent steps, the initial conditions for all isotopes are nonzero and are equal to the
accumulation of the given nuclides by the moment of the preceding time step’s completion.
Concentrations N(A,Z) in every time interval are changing in time:

a ."I\'.r fF -
T =— AL N)!

{ £
() N I o R

()‘r —{ A, n.y \ };_( A n.y \- }f_j

(3)

()\H |I =l+i o n+i

3 =(4, N =4, N);

The neutron capture rates were calculated in the statistical model [1]. The neutron rich
isotopes half-lives, probabilities of B-delayed one and two neutrons emission, probabilities of
p-delayed fission were calculated taking into account the p-strength function, which was
obtained from the theory of finite-Fermi systems [2].

1. Panov I. V., Kolbe E., Pfeiffer B., Rauscher T., Kratz K.-L., Thielemann F.-K. Nucl. Phys. A.
2005. V.747, p.633.

2. Gaponov Yu. V., Lutostansky Yu. S. Yad. Fiz. 2010, V.73, Ne§, p. 665




Yields (concentrations in relative units) for “Par” and “Barbel” experiments
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Yields (concentrations in relative units) for “Par” experiment with U - target
(calculations not including “Losing effects”)

Y (Yield of isotopes)
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r(rapid) — process in the explosive nucleosynthesis
Zt -
cf 98 (8°Nn)
[ [(n,2n) (n,})
Bk 97|
= oL )3+
Cm 96 3.0
(Rettlrn to )E?:stabilit}r valley)
Am 35 | 0.5
| u.s\ 1.0\
Pu 94 15 0.5 15
i 1.0
I (BN N 4.0\ 5.9\ 2.{
Np93( [1o 521 [os 0] [os 18 201 [0
0.5 2.0
| s ] te ] 02 ] 2
U 92| = 0.5 == 1.0 | == [ 0.5 = [1.5 | == [1.0| = (0.5 | = [ 2.5| == { 1.0
(#-process (n,}

250 251 250 253 254 255 256 257 258 A
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BETA - DELAYED FISSION
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Beta — Delayed Fission Calculations

Qp . T
g Zi:f(Z,QB -E)S; (E)rde

tot

Probabilities - P Py = %

| 2£(2,Q4 ~E)Sy(E)E
01

I'(E)

Beta Strength function: S (E) = (;_NZMIZ (E)) 5
T EeEre Y

# I'(E) widths approximation: I(E)=aE?*+ p-E®+...
where a = 1/ and g « a, so we used only the first term.

#As I « I, soneutron emission dominates when this energetically possible.

n

# Sub-barrier fission probabilities in the daughter nucleus are small to gamma
decay of exited states (barrier was taken in standard parabolic form).

# Main dependence of Py Is from barrier energy B, but not from barrier
thickness or form.



Neptunium Beta — Delayed Fission Calculations
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Factor of the concentration losing
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Calculations for “Par” experiment
(Calc. Yields rel. to exp. data)
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“Mike” experiment - 1

Y (Yield of isotopes)
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o- experiment
"Mike". RN
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strong increase at A=258
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V. . Zagrebaev, A. V. Karpov, I. N. Mishustin, and Walter Greiner

“Production of heavy and superheavy neutron-rich nuclei in neutron capture processes”

PHYSICAL REVIEW C 84, 044617 (2011)




“Mike” experiment - 2

(Calculation results) / (Experimental data)
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Comparison of calculations for Mike-test.
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V. . Zagrebaev, A. V. Karpov, I. N. Mishustin, and Walter Greiner
“Production of heavy and superheavy neutron-rich nuclei in neutron capture processes”
PHYSICAL REVIEW C 84, 044617 (2011)




Yield, relative units
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Strong dependence from target isotopes




Calculations for “PAR”- experiment to A = 270
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Calculations for “PAR”- experiment with 238U + 248Cm target
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Y(A)
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Y(A)
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NUCLEOSINTHESIS AFTER NEUTRON PULSE -1
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Conclusion

-The binary model of transuranium elements production in pulse neutron fluxes is developed. The
calculations of the transuranium isotopes yields up to A = 295 in pulsed neutron fluxes of high intensity in
the adiabatic binary model were performed with start isotopes: 238U, 23°Pu, 2Cm and %1Cf.

-Comparison of yields calculations up to A = 257 for binary targets with experiment data were carried out
to “Par”, “Barbel” and “Mike” thermonuclear explosions.

-Experimental data on the yields of transuranium isotopes in nuclear explosions revealed anomalous odd-
even inversion effect, that is not small in the mass number A > 250, and may be explained by the delayed
fission process, calculations with which leads to better agreement with experiment. The agreement of the
calculated isotopes yields with the experimental data is up to 50%.

- The “eating away” effect — the losing effect, which gives the relative decreasing of the concentration of
nuclei with fix A and which is due to the emission of delayed neutrons and delayed fission - the processes
leading to changes in the concentrations of B-decay of short-lived intermediates, formed nuclei with large
neutron excess. It is shown that the L(A)-effect associated with the observed even-odd inversion in yields of
the transuranium nuclides.

- It is shown that nuclei with A =270 can be obtained in the "Par" experiments with the yields ~ 1022 using
a uranium target, and — with the yields ~ 10-1® = 10-2° using binary U+Pu and U+Cm targets.

- Heavier nuclei with A =280 can be obtained with a yields ~ 10-2° + 10-3! using binary U + Puand U + Cm
target. Such low concentrations can not be detected by modern experimental methods. Moreover, these
nuclides decay rapidly.

- So the calculations were carried out up to the values of A =295. It was obtained that the isotopic
relations of some transuranium elements, for example - curium, depends on the value of the pulse neutron
flux. This may be an indicator of the pulse component in cases of extreme accidents at the nuclear power
stations.




3aKJI0UYeHue

- [IpoBeneHbl pacyeThl BHIX0J0B TPAHCYPAHOBBIX M30TOMNOB 10 A = 295 B MMIYJIbCHBIX HEHTPOHHBIX

NMOTOKAX BHICOKOII HHTEHCUBHOCTH B aIMA0ATHYECKOI OMHAPHOI MO/IeJIM €O CTAPTOBBIMHU M30TONIAMM .
238y, 239pyy 248Cm w 251CH.

- CpaBHeHHe pacueToB BbIXoaoB 10 A = 257 nasi U - m (U + Pu)-MuieHeii mpoBeeHo 1Mo JaHHBIM
IKCIepuMeHToB “Par”, “Barbel” u “Mike”.

- JKCIIePUMEHTAJIbHbIEC IaHHBIE 10 BHIX0JaM TPAHCYPAHOB B si/IEPHBIX B3PbIBAX BbIABHUJIH
aHOMAJIbHBIN

HeYeTHO-4YeTHbIH 3¢ eKT, MPosBJAIONIUIicS NPH MaccoBoM yucie A > 250, koTopblii 00bsICHETCS
BBeJeHHEM B MO/Ie/Ib 3a11a31bIBAIOLIEI0 JAeJIeHNs], YTO BeleT K YJIYYIICHUI0 COIVIACUs €
ykcrepuMenToM. IlosryuyeHo coriiacue B BbIX0AaX H30TONOB B npeaeaax 10 S0%.

- N3yuen spdext “Brienanus’ (10Sing-3¢g¢ekT), KOTOPHIii 1aeT OTHOCHTEIHLHOE CHIKEHUE
KOHIEHTPALUIA I siiep JaHHOTO0 A M KOTOPBIH O0BSICHAAETCH 3MHCCHEN 3aNa3/bIBAONIUX HEHTPOHOB
U 3a1a31bIBAIOLIUM JIeJICHHUEM — NPOLeccaMM BeAYyIIUMHU K U3MEHEHUI0 KOHLIEHTPauui npu B-pacnaae
00pa30BaBLINXCS MPOMEKYTOYHBIX KOPOTKOXKUBYIIMX siAep ¢ 00J1bIIUM H30BITKOM HEUTPOHOB.
Iloka3zaHo, 4T0 3TOT L-3)peKT cBsI3aH ¢ HAOII01aeMOil YeTHO-HEYeTHOM NHBepPCcHeil B BbIX0AaX
TPaAHCYPAHOBbIX HYKJIU/0B.

- IlToka3zano, uto saapa ¢ A = 270 MOryT OBITH MOJIy4eHbI B IKCIIepUMeHTaxX Tuna “Par” ¢ Bpixonamu ~
10-?2 mpu MCMOJIL30BAHNH YPAHOBOI MuIeHH ¥ — ¢ Bbixogamu ~ 1018 10?0 npu ucnmob30BaHuM
ounapnoii U + Pu nim U + Cm Mumenu.

- BoJuiee Tsikenbie siapa ¢ A = 280 MoryT ObITh moty4eHbl ¢ Beixogamu ~ 102° 103 npmu
HCnoJib30BaHuu OuHapHoi U + PU mam U + Cm mumenn. Takue MaJjible KOHIEHTPAIIMH He MOTYT
OBITH OMpe/ieieHbl COBpeMEeHHBIMH MeToaaMu. boJiee Toro, Takne HyKJNAbI OLICTPO pacnajaarTcs.
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IKCINEPUMEHTAJIbHOE UCCIC0BAHUE 00PA30BAHUSA TPAHCYPAHOBBIX
3JIEMEHTOB B HHTEHCUBHbIX HEUTPOHHBIX MOTOKAX

BriepBbie TpaHCYPaHOBBIE DIIEMEHTHI OBLTH 00HAPYKEHBI B IPOAYKTAX TEPMOSIAECPHOIO
B3peIBa “Mike” B 1952 1 ¢ mumensio 238U,

SInepHble ¥ TEPMOSIEPHBIC B3PHIBBI 00€CIIEUNBAIOT OOJBIION IIOTOK HEUTPOHOB

(10%* — 102 meiitpoHOB/CM?) ITPH KpATKOBPEMEHHOM 3Kcmo3uiun (~ <100 ¢ — s
peakInii 3aXBara) ¥ TEM CaMBIM SIBISIIOTCS YHUKAIBHBIM HHCTPYMEHTOM JIJIS
HCCIICIOBAHUI B SJIEPHON (hU3HKE.

14 cpaBHEHUS:

MaKCHMAaJIbHBIN IOTOK, JOCTUTHYTHIM Ha peakrope HFIR — 5.5 * 10%° neiirponos/c;

B nosy1ke ITUK (mpoekrroe 3Hauenne) — 4-101° ueitrp./(cm?c),

3a 1 rox paboTsl - 1.2-10% meiirp./cm? |

B noByike CM-2 — 5-10%° ueiitp./(cMm?c);

UI'P (uMiynsCHBIN rpad)UTOBBIN) - MAKCHMAIIbHBIA HHTETPabHBIN MOTOK — 1-10%8 HeliTp./cM
BUTI'P (ummnynscHblil) - 1.2-1016 meiitp./cM? B 1IeHTpabHOM KaHAJIE;

T'uapa (MMITYIbCHBIN pacTBOPHBIN) — 8°1014 HeiTp./cM? ;

SAT'YAP (uMITynbCHBIN pacTBOPHBI) — 2.5-1018 HeliTp./(cM?C) B UMITyIIbCE B BHIBOASIIEM
KaHaJe.
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