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The talk is devoted to the well-known old problems which at the same time are of
modern interest:
significant disagreements between photonuclear reaction cross sections obtained in
various experiments.

Those data are widely used in many fields of researches and applications:
- competition of various Giant Dipole Resonance (GDR) decay channels;
- competition of direct and statistical processes in decays of highly-excited nuclear
states;

- GDR configurational and isospin splitting effects;

- astrophysics problems;
- monitoring of the beam luminosity in ultra-relativistic heavy-ion colliders, ....

Experimental data for about 50 nuclei were investigated using the objective physical
criteria of data reliability and
the talk provides an overview of status of experiments.

The talk continues the discussions on the modern status of experimental photonuclear
data presented for the NUCLEUS-2020 meetings.
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The absolute majority of experimental data for partial

(y, 1n), (v, 2n), (y, 3n),
and total
(y,sn) = (v, In) + (v, 2n) + (v, 3n) + ...,
(y,xn) = (y, In) + 2(y, 2n) + 3(y, 3n) + ...

photonuclear reaction cross sections was obtained at Livermore (USA) and Saclay (France) using beams of
guasimonoenergetic annihilation photon beams and the method of photoneutron multiplicity sorting
(multiplicity of neutron was determined using the results of measurement of its energy).

Atlas of Photoneutron cross sections obtained with monoenergetic photons
(S.S.Dietrich, B.L.Berman. Atom. Data and Nucl. Data Tables, 38 (1988) 199).

Statistic (numbers of data sets for near all stable nuclei)
Quasimonoenergetic photons

Livermore Both Saclay Other Bremsstrahlung
~240 data sets ~120 data sets ~250 data sets | ~20 data sets Several tens
(19 nuclei)
Main problem
(users headache): 19 nuclei:
significant 51\/ 75As, 89Y, 907 US|y

dlsag reements 116,117,118,120,124Sn’ 127|’ 133CS, 159Tb’
165H0’ 181Ta’ 197AU, 208Pb’ 232Th’ 238

25.09.2021 LXXI International Conference «<NUCLEUS-2021». 3

Nuclear physics and elementary particle physics. Nuclear physics technologies. : :
20-25 September 2021, St.Petersburg, on-line. Bib. systematics



HHHA® MI'Y ®OTOSIJIEPHBIE HCCJEJOBAHHUS: CTATYC 3KCIIEPUMEHTOB o3

Typical example of disagreements: °Tb
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Significant disagreements between
partial reaction cross sections
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Nucleus | Ry, ™(In) | Ry, ™(2n) Systematic of disagreements for 19 nuclei
51 -
5As 1.21 1.22
N 1.25 0.87 159Th
07p 196 073 ' Circles - ratios
140
HoIn 0.97 0.76 . | ’ i} , :Z;cti§Z; } nzzre
1165 1.10 0.92 ) ; [ e l larger than 1.0:
17gn 1.04 The main problem: ' <R> ~1.08
1185n 1.0]7 —

nobody knows what data are

1205n 1.04 .

. e reliable and could be recommended

= T for using in both .bas!c researches Crosses - ratios
e 1 and applications. for (y, 2n)

: : " reactions — are
159Th 1.07 0.71 il = smaller than 1.0:
165H0 1.20 1.05 510 PUR RN SR 1(1)0 7R SR <R> N 083
181Ta 1.25 0.89
B7AU 1.00 0.69 (-

208pp 121 0.77
232Th 0.84 0.69
238y 0.76 0.79
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The objective physical criteria of data reliability were proposed.

The natural and physically
reliable energy dependence of

G(y’ 2n) F, should be following:
|:2 = <0.50 (I) — Below the (y, 2n) reaction
_|_\ /_|_ +... threshold B2n only the (y, 1n)
G(Y’ 1n) ZG(Y’ 2n) 36(’Y, 311) reaction is possible: F,=0;
E V — Above B2n both (y, 1n) and
2 050 == = = = _B3n : (y, 2n) reactions are possible,
: PRSPPI EEETAN Y s, F, increases due to competition

between decreasing ofy, 1n)
and increasing o(y, 2n), going
to the theoretical limit of 0.50,
but never reach it because of a
high—energy part in ofy, 1n);

— Above the B3n threshold the
(v, 3n) reaction is also possible,
F, decreases due to a 3o(y, 3n).

0.4

0.3

0.2

y calculated data

The natural physical additions:
- F, < 1.00,
~F,<0.50,
- F;<0.33,

0.1+

0.0 7 P

5 I 10 I 15 20 12:?:8'/ /' 425 \1158;1\ Jo\ﬂ‘:;%n' 35 I E, MeV 1 -F,<0.25,
1zogn 16sn - F5 <0.20...
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Using the physical data reliability criteria
the experimental cross sections of partial reactions were investigated for about 50
nuclei obtained using quasimonoenergetic annihilation photon beams and the
method of neutron multiplicity sorting
(first of all for majority of 19 nuclei from systematics mentioned above):

51VS' 59C0L’ 63’65CU|_, 75ASS’ 76’78’80’82898, 89YS’ 90,91,92,94er’ 103Rh8’ 115|nL1
116,117,118,120,124Sn|_’ 127'8’ 129XGS, 133CS|_, 138Ba|_, 139Las’ 140’142CGS, 141Pr|_, 145,148Nds’
153EUS, 1GOGdL’ 159Tbs’ 165HOS, 181TaS, 186W|_, 186,188,190,19205L, 197AUS’ 206’207’208Pb|_,
208Pb5, 209BiL’

and obtained using alternative methods:

bremsstrahlung and subtraction method (1%1141195n),
bremsstrahlung and activation method (1%’Au, 181 Ta, 299Bi),
guasimonoenergetic photons from laser Compton scattering (***Tb, 1%’Au, 29Bi).
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A lot of unreliable data
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The comparison of ratios F;#® obtained for Livermore (triangles) Saclay
(squares) cross sections with calculated F;te°r (lines) .
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Physically forbidden
negative values

, /L F, ~| P . 6
...sy S0 the researches carried out show that in .5: _
-y many cases data obtained using the method of \ ﬁ__I_”_ “
’“” neutron multiplicity sorting based on y \,g*j
FZQ measurement of outgoing neutron energiesdo | | -“-.L'.
| notsatisfy to proposed objective physical zo .
=| criteria of partial reaction cross section data Rk
080 s , reliability. 3
W | L
SN O [ | i s
n : RN T *

Physically unreliable
F; > 0.50 (0.33)
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Similar unreliable data obtained in experiments using beams of bremsstrahlung
(statistical theory corrections of neutron yield cross section (y, xn))
(Sov. J. Nucl. Phys. 20, 123 (1975), Bull.Acad.Sci.USSR, Phys.Ser. 39, 98 (1975)).

112 F 114 S F 119 S
1 a T
F, Sn a n ! £ f 2 n a
: w1 -
Ll o= s &
1ot gt B e 5
——:’i—;n 3
\ i o5k | &
05| a8 %
{% A L 0 oot
oo ™ 1 | |(dessssssssssssssunnns " hw
000IIIIIIIIIIIIIIIliiiﬁ?iﬁi”ﬁ”‘-’-? p ;gg,;a
V h L s s Fru
% T, o, T Z o
* A1 47 b -
i i & ] ¢ 1 1 - J
10 15 20 Yamun” 10 20 30
b
F, 2 F,
e Ny
100 ‘0 .‘,'
.0 Lr[le
08t | *
) 3T 10}
< T »* -~
L [
O 50 II-I»I»I»I»-I-l-l—l-I-I-l-l'l;lgl‘{.’l;l-‘l"—l*ﬁ‘:‘-l—l-»
R BT~
LT 2 1 15 ) EEEsEEEEESm
02 ,/'__' LAy
,‘/ g
1 // 1 y 1
15 2 _______ ~_ 5 0= | g ool ...

25.09.2021

LXXI International Conference «<NUCLEUS-2021».

Nuclear physics and elementary particle physics. Nuclear physics technologies.
20-25 September 2021, St.Petersburg, on-line.

Bremsstrahlung



MSU SINP PHOTONUCLEAR RESEARCHES: STATUS OF EXPERIMENTS CDFE
HHHA® MI'Y ®OTOSIJIEPHBIE HCCJEJOBAHHUS: CTATYC 3KCIIEPUMEHTOB o3

The experimental-theoretical method of evaluation was proposed:
O.eval(y’ in) — Fitheor(.Y’ in) P O.exp(y’ xn).

This approach means that partial reactions (y, 1n), (y, 2n) and (y, 3n)

noamrmnntitinne avna aindannandAant anm thna nvralhhlAaraes Af AviniAvrimmantal

The research carried out for about 50 nuclei

(51V S9C. 63.65C . P As. 76.78,80,82Ga 89y 90,91,92947 103RK. 115]n
116,117,118,120,124GH 127] 129 @ 133Cg 138Bg. 139]_g. 140,142Ce 141pr 145148\ . 158Ey

160G d. 159Th. 165H(. 181Tq, 186\\/ 186,188,190,1920)g 197 Ay 206,207,208P ZOQBi)

and the correspondent sum of evaluated cross sections

o®¥¥(y, xn) = o®3(y, 1n) + 26®2l(y, 2n) + 308 (y, 3n)+ ...

IS equal to the experimental o®*P(y, xn) and also relatively
Independent on multiplicity problems.
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Typical example of evaluation
results: 9Thb

The evaluated cross sections differ
noticeably from the experimental once

S o(y, sn)
A o, MeVemb
Livermore | Evaluation | Saclay

(y, xn) 3187 & 3200 & 3194
(v, sn) 2300 <4% 2382 <7% 2557
(v, 1n) 1413 <1(i>% 1642 <18‘|’/° W
(v, 2n) 887 24|%> 714 20%» 605
(v, 3n) 46 779%> 26 63%> 16

Using the analysis in detail the differences

between evaluated and experimental cross

sections it was found that there are several
sources of significant systematic uncertainties

25.09.2021 LXXI International Conference «<NUCLEUS-2021». 12

Nuclear physics and elementary particle physics. Nuclear physics technologies. 159
20-25 September 2021, St.Petersburg, on-line. Tb: xn-sn-n-2n-3n



MSU SINP PHOTONUCLEAR RESEARCHES: STATUS OF EXPERIMENTS
HHHA® MI'Y ®OTOSIJIEPHBIE HCCJEJOBAHHUS: CTATYC 3KCIIEPUMEHTOB o3
Typical examples of differences
i k. The number of neutrons unreliably extracted . K"“'fH
from one reaction is close to the number of e i
D | neutrons unreliably added to another one 1 4 5
[6®®(y, 1n) - o*2(y, 1n)] 4/ \» "l
. %3‘&%3‘
[c2/(y, 2n) - c*P(y, 2n)] “

Physically forbidden negative values
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H. Beil, et. al., Nucl. Phys. 227 427 (1974) B.L.Berman, et.al., Phys. Rev. C 19, 1205 (1979)

Ao, mb Ac,mb

40 - BO[ | M

The main reason of disagreements is -

) : o
unreliable (erroneous) sorting of neutrons 7£

USing Its measured energy because the f”‘i -- i -- § -----------

20 +

. ~25mb
| spectra of neutrons from different
reactions are close.
15 20 25 E’ MC\S/O 12 B1;n 16 18 20 2;3n 24 26 28 :;;, Meij
Saclay: Livermore:
The main reason of those differences is The main reason of those differences is
erroneous many neutrons moving from erroneous many neutrons moving from
“2n” channel to “1n”. “In” channel to “2n”.
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The profiles and average energies of the spectra are quite similar (main peaks energies ~0.7—
1.0 MeV).

The reason is that the final nuclei are left not only in the ground states but in excited once:
the neutron’s energy relation to its multiplicity is really unclear.

This greatly complicates the procedure for determining neutron multiplicity from this energy
and makes the neutron multiplicity sorting procedure ambiguous.

25.09.2021
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The first and main source of systematic uncertainties.

The main reason of disagreements between Livermore and Saclay data
and between both of them and evaluated once is the unreliable
(erroneous) separation of detected neutrons between the reactions with
different multiplicities because of incorrect classification of some of the
detected neutrons, where, e.g., a neutron originating from the 1n
reaction is assigned to the 2n channel, and vice versa.

This kind of errors arises from using the kinetic energy to classify
neutrons from different reaction channels in which energy spectra
overlap.

25.09.2021 LXXI International Conference «<NUCLEUS-2021».
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The second source of systematic uncertainties.

Because of direct detection of neutrons o(y, 1n) cross sections obtained
In experiments under discussion for reaction in fact are really the sums
o(y, In)+o(y, 1nlp).

MSU SINP PHOTONUCLEAR RESEARCHES: STATUS OF EXPERIMENTS CDFE W

For relatively light nuclei the (y, 1nlp) reaction is the important
additional source of the systematic uncertainties of the neutron
multiplicity determination procedure because its features are close to
those of reaction (y, 2n).

The source of ambiguity in this case is the similar sharing of nuclear
excitation energy between products of both two-nucleon reactions:
the multiplicity of outgoing neutrons in the reaction (y, 1nlp) is equal to
1 but in the reaction (y, 2n) —equal to 2 .

25.09.2021 LXXI International Conference «<NUCLEUS-2021».
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Typical examples of this kind systematic disagreements

Phys. Atom.Nucl., 84, 389 (2021)

Ao| Livermore o(y, 1n)+o(y, 1nlp) Sl

Eur. Phys. J. A, 53 (2017) 180

Livermore o(y, 1n)+o(y, 1n1p) 59Co

30 -

-15 - T T | ‘ o R —
10 15 20 I /s 30
B2n |
) Ao = o®val-gexp
/

octheor(y, 1nlp) from CMPNR

Analogous disagreements: i
63.65Cu (Bull. Rus. Acad. Sci. Phys., 80, 317 (2016)),
SAs (Phys. Rev. C 99, 024608 (2019)). T

Ac= o?l-g™®
25.09.2021 LXXI International Conference «<NUCLEUS-2021». 18
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= -3% o 159Th : .

il Disagreements in energy
The third source of : s, ranges E < B2n
systematic disagreements (no multiplicity problems)
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o(y, Xn) = o(y, 1n)+20(y, 2n) +3o(y, 3n)

o, mb 206 P b

600

Nucleus-2021 results, Section 2, 22.09.

In the cases of all 3 isotopes 206:207.208ph |_jvermore
experiment neutron yield cross sections o(y, Xn) are
significantly underestimated in comparison with those

calculated (and Saclay data in the case of 2%8Pb).

/O'i”tl_ /‘b

500

139% | 3930.6/3478.5

400
300
200

int
G eval o, mb
Nucleus s00 | il 21%  207pp
. 400 5 |
Reaction | 206pp 207Pp 208p 300 E A 3945.0/3268.1
200 : 7- '
/ = R 1

_~ / o[ i)
/ ﬁ """" ---------------------

(y, Xn) 1.13 T 1.21 1 208pp

3820.8/3186.7

(v, sn) 1.15 1.24 1.30
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Livermore cross sections unreliable competitions
Gint /o.int The larger the fraction of the simple &(y, 1n)
eval L reaction in the cross-section for the complex
s o | 181 203 U . reactions the higher the degree to which the
AS ' Ta P Pb*) Pb*) latter is underestimated in comparison with
b evaluated one.
(v, xn) = (v, 1n) + [2(y, 2n) + 3(y, 3n) + ...]
(y,xn) | 1.27 | 120 | 1.24 | 1.28 1.21 1.13 some contribution of (y, 1n) reaction

(v, sn) = (v, In) + [(y, 2n) + (v, 3n) + ...]
larger contribution of (y, 1n) reaction

(v, 1n) = (y, 1n) + [0]
maximal 100%-contribution of (y, 1n) reaction

(v, 2n) = [0]
zero contribution of (y, 1n) reaction

(y,sn) | 1.30 | 1.25| 1.30 | 1.37 1.24 1.15

(y,1n) | 1.34 [ 1.33| 1.46 | 1.42 1.30 1.19

(v, 2n) 1.14 1098 | 1.05 | 0.83 1.02 1.02
*) Special evaluations of Livermore data (no Saclay data), talk in NUCLEUS-2021, Section 2, 22.09.

The ratios o't /o™, for (y, 2n) reaction for are very small, but for (y, 1n) reaction are very large. It means that
namely the very large underestimation of the cross-section for reaction (y, 1n) is responsible for a substantial
underestimations of the cross-section for the reaction (y, xn). One is forced to conclude that in the relevant
experiments many neutrons from (y, 1n) reaction were lost.

This could be resulted from some technical problems.
25.09.2021 LXXI International Conference «<NUCLEUS-2021». 21
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httpisfcdfe.zinp..meu.ru

“t o(y, 1n) #%mﬂ
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L Energy, MY 17.5 MeV

0,8 4

The extremly underestimation of
c (y, 1n) is because no neutrons from
this reaction reaction were detected:

they were lost.

0,6 4

0,4+

This is the reason of very specific
competitions of total and partial
reaction cross sections.
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So the results of researches carried out for about 50 nuclel

(51V, 59C0, 8365Cy, 75As, 76.7880.82Gg 89y, 909192947 103Rp 15|

116,117,118,120124Gy 127] 129X @ 133Cg 138Bg 139] g, 140142Ce 141py 145148N(

153E 160G, 159Th, 165H0, 181Tq, 186\\/ 186,188,190,192()g 197/, 206,207,208pfy
209B})

using the experimental-theoretical method of evaluation based on objective
physical criteria of data reliability

forced one to conclude that generally the experimental photoneutron
reaction cross sections obtained using the method of neutron multiplicity
sorting contain significant uncertainties of various nature and therefore
can not be interpreted as reliable once.

Therefore the alternative methods for partial reaction cross section
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Activation experiment for 81Ta
(separation partial reactions using not outgoing neutrons but final nuclei features)
MSU Institute of Nuclear Physics, race-track microtron)

Decays of 181Ta(y, 1n) and ®1Ta(y, 2n) reactions final nucleus differ significantly:

181Ta(y, 1n)'®Ta, T,,= 8.154 hour, E= 93.326 3B
E =103.557 3B
181Ta(y, 2n)1"°Ta, T,,= 1.820 year, E= 63.0 3B

The comparison of ratios of reaction yields Y and integrated cross sections o'
obtained for experimental and evaluated data for 181Ta at EI"t = 65 MeV.

Experiments Evaluation

Ratios Saclay Livermore Activity Fi23

of cross 0.36 0.67 </‘ 0.49

sections (797/2190) (887/1316) N (958/1956)
o(y,2n)/o(y,n) A

of yields 0.24 0.42 <; @ @
Y (y,2n)/Y (y,n)

of cross 0.063 0.055

sections (137/2190) (107/1956)
o(y,3n)/o(y,n)

Analogous agreement was obtained for 2°°Bi investigated at E"t = 55 MeV.
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Activation (line) and L.CS experiments for 1%7Au

- (v, 1n)

600

LCS — laser Compton scattering gamma rays

500 (- ;11““ and
wr { W direct measurement of neutron multiplicity
300 - using flat-efficiency detector (FED),
200 |- g ¥ NewSUBARU (Japan)
: %
100 / 't'

0

7 Eint=25.0 M>B
BT oint (MeV mb) Gintexplcinteval
100 [ Livermore 784.53 1.10
10-16%
N Saclay 627.08 0.84
Activation 720.52 0.97
0 2-3%
LCS 721.61 0.98
Evaluated cross section Evaluation 739.40 1.00
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CDFE
o3

ZOQBi’ I:1234

LCS, NewSUBARU - H.Utsunomiya, I.Gheorghe et. al., Phys. Rev., C 96, 044604 (2017)
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03F
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LCS-data (Japan, NewSUBARU) for F,,,, contradict
to the Livermore data but agree with calculated once.

L L L L L L L
5 10 15 20 25 30 35 40 45
B2n B3n B4n

LLCS cross section data contradict to the

Livermore data but agree with evalulated once.
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SUMMARY AND CONCLUSIONS: STATUS OF EXPERIMENTS

1. The results of many various photonuclear experiments were investigated using
the objective physical criteria of data reliability.

2. It was found that the experimental partial photoneutron reaction cross sections
obtained for about 50 nuclei using neutron multiplicity sorting method in general
do not satisfy those criteria because of significant systematic uncertainties of
several reasons:

- erroneous classification of many detected neutron multiplicity (once
originating from the 1n reaction are assigned to the 2n channel, and vice versa);

- erroneous sorting of many neutrons not only between (y, 1n) and (y, 2n)
reactions, but between (y, 2n) and (y, 1n1p) reactions also in the cases of relatively
light nuclei;

- loss of many neutrons from reaction (y, 1n) in several experiments.

3. For all nuclei under discussion new cross section satisfying the data reliability
criteria were evaluated using experimental-theoretical method.

4. Significant differences between investigated experimental data and once
evaluated using experimental-theoretical method mean that those experimental
photoneutron reaction cross sections are not reliable.
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CONCLUSIONS: CONTINUAION

At the same time it was shown that the experimental data obtained for several
nuclei using alternative methods
- activation method,;
- the method of direct determination of neutron multiplicities (laser Compton
scattering (LCS) gamma rays, the flat-efficiency detector (FED))

agree with evaluated data, are free of systematic uncertainties under discussion
are reliable and therefore could be recommended for using in researches and
applications .
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Thanks a lot for attention!

Bboabnioe cnacu00 3a BHUMaHHue!
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Model

B.S.Ishkhanov, V.N.Orlin. Physics of Particles and Nuclei, 38, 232 (2007),
Physics of Atomic Nuclei, 71, 493 (2008):

« semiclassical exiton preequilibrium model of photonuclear
reaction based on the Fermi gas densities;

« effects of nucleus deformation:

« effects of Giant Dipole Resonance isospin splitting.
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The Combined Photonucleon Reaction Model (CPNRM)

Semiclassical exiton preequilibrium model of photonuclear reaction based on the Fermi gas densities and
taking into account the effects of nucleus deformation and of GDR isospin splitting.
Bohr description of o(; Ipkn): o(y.Ipkn: By) = Y " oyp(B, )WLk, EL) +

i

+ oxn(E ) Winall. k. E, ),

o' -one of 4 components (2 isospins - T, and T, + 1 and 2 directions of vibration),

Ocpr - Lorenz lines with T~ GI(a /Ro)[Epes — A Z, ;\'35-;--!;:,]'2,

pez

where
I€) = [1 =361+ 7°/3) /(1 + 7)) /(1 4+ 7€)

m—2

W - decay probabilities (recurrent): (1. £ dp, dn. m) = 1y Z F Fm F)ff:g” n;} —
f.U!’H Ul apr oy, in

J=n.p m"—m
Aimf=2

E—B;
X //\j(:?j. E:dp,dn,m" YW (1;, k;, U dpj, dnj.m')d=; +

0
+ D{m, E;dp.dn,m)P(l. k. E;dp, dn),
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inaepenaentt

T reaction usir
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The flat efficiency detector (FED) idea: special data treatment.

1. The numbers of neutrons from separate partial reactions N; (i =1, 2, 3, 4...) with cross
sections o(y, in)
N; = NyNtargetG('Ya in)
can not be measured directly (the main problem of cross section determination process).

2. The number of events with single neutron
Niingle = N18(E1)+N»,C,€(E,)(1-6(E;))+N33Cie(E3)(1-€(E3))>.

3. Because there is no way to know the energies E1, E2, and E3 and the numbers N,, N,, and Nj:
N,,C1&(Ex)(1-6(E,)) = Noe(Epr)(1-6(E;5))+Noe(E,,) (1-6(Ex))

4. Therefore for the known € = const: three equation for direct determination of N;, N, and N
I\Isingle :N18+N22C13(1'3)+N33C18(1'3)2
|\Idouble = N282+N22C282(1'8)
Niriple = N,e?
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