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Abstract

There are well-known systematic disagreements rtighgphotoneutron reaction cross sections
data obtained in experiments with quasimonoenergatnihilation photons using methods of
neutron multiplicity sorting. Using proposed critewve found that major sources of data large
systematic uncertainties come from certain shoriegmof experimental methods for outgoing

neutron multiplicity sorting. To develop methods adrrecting the data obtained in various
experiments a new approach for their evaluation degeloped in which the equations of a
combined model of photonuclear reactions are usetompose the experimental total neutron
yield reaction cross section into contributionspatftial reactions. Evaluated cross sections of
partial photoneutron reactions obtained by usinghsunethod are in agreement with

experimental data obtained by alternative experimdavaluated partial photoneutron rections
cross sections fo*4zr, 119n, 1°°Tb, 18174, 1881891901985 and*®Pb are presented.
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Introduction

The information on cross sections of partial phetdron reactions with different number
of outgoing particles, primarilyg( 1n), @ 2n), and ¢ 3n), is widely used in both fundamental
and applied research including traditional studufsthe Giant Dipole Resonance (GDR)
excitation and decay mechanisms (configurationa @ospin splitting, competition between
statistical and direct processes in GDR decay adlansum rule exhaustion, etc.) as well as in
various applications such as beam luminosity moimigoin ultra—relativistic heavy—ion colliders
[1]. Energy thresholds of the,(1n), @ 2n), @ 3n), ... reactions B1n, B2n, B3n,... are relatively
close and therefore there are ranges of the incygeston energy where there is a competition of
two or three open reaction channels

The majority of data under discussion were obtaimgdg the method of outgoing neutron
detection where the summed photoneutron yield @esson

s(g, Sn) =s[(g 1n) + 20, 2n) + 3¢, 3n) + ...] Q)

was measured directly. Since the neutron from gh&n) reaction is detected once, two neutrons
from the ¢, 2n) reaction are detected twice, and so on, thescsections of partial reactions
appear ins(g, Sn) with corresponding multiplicity factors. Tkeésre, to decomposg(g, Sn) into
partial reactions one need to know which reactiwdpced the detected neutron. This is a well—
known problem of neutron multiplicity sorting.

The photoneutron yield cross section is used famasing the total photoneutron cross
section

s(g, tot) =s[(g,1n) + @2n) + @3n) + ...] =s(g, Sn) -s(g, 2n) - 25(g, 3n) -.... (2)

This cross section for medium and heavy nuclelasecto the total photoabsorption cross
section

s(g abs) =s(g, tot) +s(g, 1p) +s(g2p) + ..., )
could be compared with TRK sum rule estimations:

¥
sM(g, tot)» s™(g, abs) = S(E)ME = 60 Nz/A MeV, mb, (4)
0
where Z and N are respectively numbers of protowsreeutrons in the nucleus, and A=2Z + N
is the atomic mass number.

Most of the neutron vyield, total photoneutron arattipl photonuclear reactions cross
sections were obtained using quasimonoenergetiditation photon beams at thidational
Lawrence Livermore Laboratory (USAhdFrance Centre d’Etudes Nucleaires de SaclBye
data can be found in numerous reviews [2], Atlg3e4] and databases [5].

Both laboratories mentioned employed similar meshtadidentify reactions with different
multiplicities based on the same assumption that rtbutron spectra ofg,(1n) and ¢ 2n)
reactions are quite different. However the metHodsieutron kinetic energy measurement used
were significantly different. Complex systematicalepancies in partial photoneutron reaction
cross sections are well-known: in many cases fersidime nuclei theg,(1n) reaction cross
sections are noticeably larger at Saclay, but therf) cross sections vice versa are larger at
Livermore and disagreements approacB0 %. Fig. 1 shows the typical example of suchdkin
disagreements fdr°Tb.

These disagreements were the subject of specdiksttor several years [6—10].
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Fig. 1. The comparison of cross section data™>°Tb obtained using quasimonoenergetic annihilation
photons in [11} triangles and [12} squaresa —s(g, Sn), b —=s(g, n), ¢ —s(g, 2n)



The complete systematics of integrated cross sexsit
. Eint
s™= s (E)E (5)
B
has become availab[®, 10] for more than 500 photoneutron yield crgsstion (1) data for
nuclei from®H to ***U. To avoid additional uncertainties related witiofneutron multiplicity,
the integrated cross sectiosl§'s,s for each nucleus were calculated for incident phainergy
intervals between the thresholds B1n and B2 sysematics of ratio

ariou7S intsystl_ivermore (6)

I:Qintsyst: Simsys%/
of the integrated cross section data from vari@moiatories to that obtained in Livermore
laboratory, is shown in Fig. 2. The results shownfiem clearly that in spite of some spread of
the R"yst values obtained in various laboratories they arecentrated near the value about 10
% — averaged value £Ry5t> = 1.12+ 0.24 (one can see that Livermore data are sligother
than others).

At the same time the situation for partial reactasoss sections is quite different. Fig. 3

shows the complete systematics of integrated @®stson ratios (Saclay/Livermore)
R™(1n) =s"™(g, 1n)5"™ (g 1n), @)
R™(2n) =s"s(g 2n)5™1(g 2n) 8)

obtained [9] for 19 nuclelV, "°As, 8%y, %0zr, 119, 116117.118120135, 127 13305 1597 16%q,
18473, 197Au, 2°%Pb,?32Th, 2*8) investigated in both laboratories. One can baeinh accordance
with example from Fig. 1 large disagreements betwpartial reaction cross sections exist:
<R™(1n)> is about 1.2 but <&2n)> is about 0.8.

It has been suggested [6, 7] that the differencehef partial reaction cross sections
originated from the procedures used to separatetsoumto 1n and 2n events — neutron
multiplicity sorting. Using additional data emplag the method of induced activity, which
allows one to identify partial reactions by detegtproduced final nuclei it was found [7] that
Saclay s(g, 2n) data are significantly underestimated (andrespondingly s(g, 1n)
overestimated) because of large systematic unogesi In order to resolve these problems a
new approach for partial reaction cross sectiofuati@n has been developed [13, 14].

1. The new method for partial reaction cross sectits evaluation

Only agreed photoneutron yield cross section (13 dee used in the method developed.

Therefore the very important problem is the religbiof total photoneutron yield cross
sections(g, Sn) data. As that was found in [10] data obtaiaedaclay can be used directly
(without any additional normalization). At the satimee data obtained at Livermore should be
normalized by using discrepancy factor R » 1.12.

In this approach the experimental neutron yieldsrgectiorse,(g Sn) (1) is used only as
the initial data source. To decompose that intduatad partial reaction cross sections

5eval(ga ln) = Fl—thsexp(ga Sn) = [sth(g’ ln)/Sth(g, Sn)] sexp(ga Sn)! (9)

5eval(ga 2n) = ['_Z—thsexp(ga Sn) = [sth(g’ 2n)/5th(g, Sn)] sexp(ga Sn)!"' (10)

so—called transitional neutron multiplicity funai® F_¢, are used. They are calculated within the
framework of the combined photonuclear reaction ehgtl5, 16] for all partial reactiong,(in)
with definite neutron multiplicity factorsi =1, 3, ...:

Fi_th = Sin(g, in)/Ssin(g, Sn) =sw(g, in)/sw[(g 1n) + 26, 2n) + 36, 3n) + ...]. (11)

5
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Therefore, the developed approach allows one tg kbe ratios of evaluated partial
reaction cross sectiosgya(g, in) equal to the ratios of the theoretically cddted cross sections.

It should be noted that the functionsyfFcalculated using the model [15, 16] consistent
with calculations performed using well-known andlely used TALYS [17] and EMPIRE [18]
models.

1.1. Criteria of the systematic uncertainties

The multiplicity functions Ey, introduced in ((9)—(11)) allow us to evaluate fiystematic
uncertainties in partial reactions cross sections.

According to its definition (11) £ is the ratio ofs(g, 1n) to a sumg(g, 1n) + 2¢, 2n) +
3(g, 3n)] and, therefore, can never be greater th@@; K_, is the ratio ofsy,(g, 2n) to a sum
[sim(g, 1n) + Z4(g 2n) + Fw(g 3n)] and, therefore, can never be greater th&®;0.
correspondingly £+ is the ratio ofsy,(g, 3n) to a sumd(g, 1n) + Z4(g, 2n) + Iiw(g, 3n)] and,
therefore, never can be greater than 0.33, and.so o

Functions . and B_g, calculated [15, 16] for*Zr [19] are shown by lines in Fig. 4a, b.
As it follows from definitions (11) the natural apthysically believable energy dependences of
F1.2-thshould have the following energy dependencies:
— Below the ¢, 2n) reaction threshold B2n only thg {n) reaction is possible and therefoig
=1, Rn=0;
— Above B2n bothd 1n) and ¢ 2n) reactions are possible;_§& increases approaching the
theoretical limit of 0.50, but never reaching ithase of a high—energy partsm(g, 1n);
— Above the B3n threshold thg, (3n) reaction is also possible;_f decreases due to &Jg,
3n) term in denominator of (11).

The energy dependencies (Fig. 4 a, b) of functlng, = Sexs(0, iN)/Sex(0, Sn), obtained
using cross sections Sfzr [19], are definitely different from the dependi@s of ., functions:
in the energy range ~ 21.5 — 28.0 MeV there areynfan.,, physically forbidden negative
values and physically forbidden values_d;, > 0.50. This clear correlation means that
multiplicity sorting [19] has been performed incamtly because of erroneous addition of extra
neutrons with multiplicity two (as a matter of fastibtracted from multiplicity—one neutrons).

In a series of works [16, 17, 20-22, 23] functiéas ;s were found out for a large number
of Cross SeCtionsgcfgl’gtr [19], 115, 112.114.116,117.118,119,120,122. 424 [24],159Tb [11], 18t 4 [25],
1881895 [26],%%%Pb [27]).

Various data obtained for four isotop@&¢, *'%Sn,***Tb and'®Ta) will be described as
typical examples. The systematics of avaluated idgieesented in Annex.

1.2. Evaluated partial photoneutron reaction crossctions

Evaluated cross sections in many cases differ tir@rexperimental ones noticeably. Fig. 5
shows as an example of such deviations of evaluddéal from experimental data [11] and [12]
for two main partial reactiongj,(1n) and ¢ 2n) on*>*Th. One can see that evaluatgde,a(g
1n) [20] is about 20% smaller than data [12] buk2@rger than data [115™eva(g 2n) is 15%
larger than [12] data but 20% smaller than the .[ITfius, the evaluated ratis™eva(g
2n)/s™eva(g 1n), which plays an important role in estimatioh probabilities of different
physical processes, obtained using our evaluatedislabout 30% larger in comparison to data
[12] and 30% smaller in comparison to data [11].

The most important consequence of the differentésirmed is that those are reflected in
the values of the total photoneutron reaction cwesstion (2) directly connected with total
photoabsorption cross section (3).
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2. Reliability of evaluated data from comparison wih alternative
experiments results

The proposed new approach gives to one possibditgduce systematic uncertainties of the
methods of neutron multiplicity sorting in evaludtpartial reaction cross sections. Therefore
evaluated data can be compared with a few resbttsned using alternative experimental methods
free from such kind uncertainties.

2.1. Comparison with the results of induced actywéxperiment

As it was mentioned above one of such alternatiethods is that of induced activity in
which the studied reaction is identified throughtedéon of the residual nucleus rather than
outgoing neutrons. Since the final nuclei of thelf), @ 2n), and ¢ 3n) reactions are different the
method of induced activity has no problems withrtseparation and can be used to obtain partial
reaction yields directly.

With the aim of such kind comparison in detailscgemeasurements were performed [28]
using the photon beam of a race—track microtroi wiaiximal electron energy 65 MeV. Reaction
yields

Emax
W(E

B

Y(E max E)- (E)AE, (12)

max):_

where W(EaxE) is the bremsstrahlung spectrum with end—paiergy E..x = 65 MeV, B is the
corresponding reaction threshold, were simultanigooeasured [28] in a single experiment for
reactions ¢ 1n), @ 2n), (g 3n), G 4n), @ 5n), @ 6n), andg 7n) on*®*Ta using a high-purity
HPGe detector.

In table 1 corresponding the ratios of yields (fd)pairs of reaction¥ (g, 2n)/Y(g, 1n) and
the ratios of integrated cross sectionsg8Yg, 2n)/s™(g, 1n) obtained fot®'Ta are compared.

Table 1. The comparison of ratios of reaction ygefd(12) and integrated cross sectiahis (5)
obtained for experimental (according to [3]) andleated data fof**Ta for E™ = 65 MeV.

Experiment Evaluation
Ratio Saclay [12] Livermore [11]  Activity [28] Our data [20]
s™(g, 2n)/s™(g, 1n) 0.36 = 797/2190 0.67 = 887/1316 0.49 = 958/1956
Y(g 2n)/Y(g 1n) 0.24 0.42 0.34 (7) 0.33

The presented results clearly show that the rasigg, 2n)is™(g 1n) [12] are certainly
underestimated (0.36), while ratios [11] are oviemested (0.67) in comparison with our evaluation
(0.49). The same inconsistency can be seen fad yagios Y@, 2n)/Y (g 1n): correspondingly 0.24
and 0.42 versus 0.33.

Data evaluated in the frame of new proposed appragoee well with activity data [28] (0.33

versus 0.34).

2.2. The comparison of evaluated data with the rkswf modern experiment using
guasimonochromatic lasetCompton scatteringyrays

New advanced gamma-ray sources using laser—Conguattering were built recently in
various laboratories. Quasimonochromatic photoasuaed in studies of photonuclear reactions in
11



different energy ranges with priority of obtainiagcurate data foig( 1n) reactions cross sections
near thresholds. A large amount of data was oldairseng this technique at the National Institute
of Advanced Industrial Science and Technology (dgp29], including reaction cross sections on
the nuclei, that are subjected to our evaluations.

Fig. 6 shows the comparison of th&Sn(, 1n)'’Sn reaction cross section measured using
laser—Compton scattering [29] for neutrons with tiplitity equal to 1 with quasimonoenergetic
annihilation photon experimental data [19, 30] a&vdluated cross section [13]. One can see that
the evaluated cross section is in agreement weéhaker—Compton scattering experiment result. At
the same time quasimonoenergetic annihilation pisotata are underestimated/overestimated,
which is consistent with the previous discussion.

3. Possible reasons for evaluated and experimen@dta distinctions

As it was said above the neutron multiplicity deteration methods used were based on the
assumption that the energy of a single neutron fileen@, 1n) reaction is noticeably higher than
energies of theg( 2n) reaction neutrons.

But as it was shown the degree of discrepanciewdsst various quasimonoenergetic
annihilation photon experiments data as well asvbenh experimental and newly evaluated cross
sections in 1n, 2n, and 3n channels depend onndieye of photons and, therefore, on the energy
spectra of outgoing neutrons. It means that thatiogl between the energy of a neutron and its
multiplicity could be in fact more complex.

A special study [28] showed that mean energy ofltsteneutron from the reactidf*Ta(g,
2n)"*Ta is much larger than that of the 2nd neutron émmple, when the photon energy is 25
MeV the mean energy of the 1st neutron is 4.0 M&\Mthe 2nd neutron — 1.4 MeV). Theoretical
calculations [28] of neutron energy spectra in (ipeln) and ¢ 2n) reactions on*°Tb and®*Ta
within the framework of the model [15, 16] usedour approach show that in the photon energy
ranges E< 12.2 MeV < B2n = 14.2 MeV ang;E 19.2 MeV > B2n the shapes of neutron energy
spectra are close.

Additionally, as it has been already pointed beftiie actual situation could be more
complicated because in g (Ln) reaction after escape of a single neutroniarig 2n) and @, 3n)
reactions after escape of the first chance neutrersame nucleus is formed. Moreover, the same
nucleus is formed after escape of the first chameedron in reactiongy(1nlp), ¢ 2nlp), ..., which
can also have low thresholds.

It must be stressed once again that in quasimongetn® annihilation photons experiments
with direct detection of outgoing neutrons the prothannels were not considered at all. In many
cases in these experiments the reported vadygg 1n) was in fact the sumex(g, 1n) + Sex(0,
1np), andSex(g, 2n) — the sunFeyxy(g, 2N) +Sex(0, 2np), and so on.

The new developed approach to evaluation of papiftoneutron reaction cross sections
properly takes into account the proton decay chanf®)—(11)) assw(g Sn) used for
determination of the j, s functions includes(g, 1np):

5tn(G Sn) =sul(g 1n) + 6 1np) + 2§, 2n) + 30, 3n) +...]. (13)

Thus, the main reason of disagreements betweeniggeal and evaluated cross sections is
a very complex and indirect relationship betweentmom kinetic energy and its multiplicity.

12
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4. Summary and conclusions

New criteria = s(g, in)/s(g, Sn) of systematic uncertainties presence in pleattwon partial
reaction cross sections presence were proposed.

New method was developed for evaluation of partedction cross sections. In that
experimental neutron yield reaction cross sectigg(g, Sn) independent on the shortcomings of the
neutron multiplicity sorting methods is decomposa® partial reaction cross sections using the
combined photonuclear reaction model equations.

On the base of various results obtained for isatdfér, *°Sn, **°Tb and'®'Ta that was
shown that evaluated data are not agree with dat@in@d in quasimonoenergetic annihilation
photons experiments wia neutron multiplicity sagtibut agree with results obtained using the
induced activity methods.

Therefore much experimental data on partial phattyoa reaction cross sections should be
re—analyzed and/or re—evaluated.

Data obtained within the framework of new methodiedeped for evaluation of partial
reaction cross sections for nucte®zr, 13n, 1°°rb, 18T, 18189191%s and*®Pb are presented
in Annex.
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Annex

Systematics of photonuclear reactions cross sec#awgaluated using new proposed method
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Fig. 7. Evaluated cross sections and transitioeatnon multiplicity functions for*zr.

Left: evaluated (dots) and experimental ([19] riangles) photonuclear reaction cross

sections (a -5(g Sn), b —s(g, tot), ¢ —s(g n), d —s(g, 2n)).
Right: experimental ([19] — triangles) and theimad ([15, 16] — lines) multiplicity functions

F1(a) and E(b).
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Fig. 8. Evaluated cross sections and transitioeatron multiplicity functions fof“zr.
Left: evaluated (dots) and experimental ([19] riarntgles) photonuclear reaction cross
sections (a s(g, Sn), b —s(g, tot), c —s(g, n), d —=s(g, 2n), e —s(g, 3n)).
Right: experimental ([19] — triangles) and theimad ([15, 16] — lines) multiplicity functions
F1(a), R(b) and E(c).
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Fig. 9. Evaluated cross sections and transitioeatnon multiplicity functions fot*3n.
Left: evaluated ([31, M0863] — dots) and expentaé ([24] — triangles, [30] - squares)
photonuclear reaction cross sections (&g Sn), b —s(g, tot), ¢ —s(g, n), d —s(g, 2n), e —
s(g, 3n)); M0863 is the number of correspondent datansdatabase [32].
Right: experimental ([24] — triangles, [30] - sges) and theoretical ([15, 16] — lines)
multiplicity functions k (a), i (b) and E(c).
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Fig. 10. Evaluated cross sections and transitineatron multiplicity functions fot>°Tb.
Left: evaluated ([20, M0831] — dots) and expentaé ([11] — triangles, [12] - squares)
photonuclear reaction cross sections &g Sn), b —s(g, tot), ¢ —s(g, n), d —s(g, 2n), e —
s(g 3n)); M0831 is the number of correspondent deatansdatabase [32].
Right: experimental ([11] — triangles, [12] - sges) and theoretical ([15, 16] — lines)
multiplicity functions k (a), R (b) and E(c).
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Fig. 11. Evaluated cross sections and transitineatron multiplicity functions fot*'Ta.
Left: evaluated ([21, M0850] — dots) and expentaé ([25] — triangles, [12] - squares)
photonuclear reaction cross sections &g Sn), b —s(g, tot), ¢ —s(g, n), d —s(g, 2n), e —
s(g, 3n)); M0850 is the number of correspondent datansdatabase [32].
Right: experimental ([25] — triangles, [12] - sges) and theoretical ([15, 16] — lines)
multiplicity functions k (a), R (b) and E(c).
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Fig. 12. Evaluated cross sections and transitineatron multiplicity functions fot*®0Os.
Left: evaluated (dots) and experimental ([26] riarntgles) photonuclear reaction cross
sections (a s(g, Sn), b —s(g, tot), c —s(g, n), d —=s(g, 2n), e —s(g, 3n)).
Right: experimental ([26] — triangles) and theimad ([15, 16] — lines) multiplicity functions
F1(a), R(b) and F(c).
21



%}f'f’;" I J\I
I

B2n B3n E, MeV

Fig. 13. Evaluated cross sections and transitineatron multiplicity functions fot**Os.
Left: evaluated (dots) and experimental ([26] riangles) photonuclear reaction cross
sections (a s(g, Sn), b =s(g, tot), c —s(g, n), d —s(g, 2n), e —=s(g, 3n)).
Right: experimental ([26] — triangles) and theimad ([15, 16] — lines) multiplicity functions
F1(a), R(b) and E(c).
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Fig. 14. Evaluated cross sections and transitineatron multiplicity functions fot*°Os.
Left: evaluated (dots) and experimental ([26] riangles) photonuclear reaction cross
sections (a s(g, Sn), b =s(g, tot), c —s(g, n), d —s(g, 2n), e —=s(g, 3n)).
Right: experimental ([26] — triangles) and theimad ([15, 16] — lines) multiplicity functions
Fi(a), R(b) and E(c).
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Fig. 15. Evaluated cross sections and transitineatron multiplicity functions fot*?Os.
Left: evaluated (dots) and experimental ([26] riangles) photonuclear reaction cross
sections (a s(g, Sn), b =s(g, tot), c —s(g, n), d —s(g, 2n), e —=s(g, 3n)).
Right: experimental ([26] — triangles) and theimad ([15, 16] — lines) multiplicity functions
F1(a), R(b) and E(c).
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Fig. 16. Evaluated cross sections and transitineatron multiplicity functions fof**Pb.
Left: evaluated (dots) and experimental ([27]riartgles, [33] - squares) photonuclear
reaction cross sections (as{g, Sn), b —s(g, tot), ¢ —s(g, n), d —s(g, 2n), e =s(g, 3n)).
Right: experimental ([27] — triangles) and theimad ([15, 16] — lines) multiplicity functions
F1(a), R(b) and E(c).
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