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Background: The deuteron weak binding energy is responsible for high complexity of the deuteron interaction
with nuclei that involves also a variety of reactions initiated by the nucleons following the deuteron breakup
(BU). An update of both the scarce experimental deuteron database and the incomplete theoretical frame of
the deuteron activation analysis is thus needed. Removal of discrepancies between experimental data, and a
consistent inclusion of BU as well as of stripping and pickup direct reactions (DR) contributions within deuteron
activation analysis, besides preequilibrium emission (PE) and fully equilibrated compound nucleus (CN) decay,
are essential, too.

Purpose: Accurate new measurements of low-energy deuteron-induced reaction cross sections for natural Zr
target are intended to enhance the related database and the opportunity for a unitary and consistent account of
BU, DR, PE, and CN involved reaction mechanisms.

Methods: The activation cross sections of 20-91m92m.94m.95m.95¢.96.9T\p, - 89m.89.95.97 7y - an 87m875.87.88.90m,91m.94y
nuclei in deuteron-induced reactions on Zr at energies up to 20 MeV were measured by the stacked-foil technique
and high-resolution y spectrometry using the U-120M cyclotron of the Center of Accelerators and Nuclear
Analytical Methods (CANAM) infrastructure of the Nuclear Physics Institute of the Czech Academy of Sciences
(NPI CAS). Their extended analysis, together with all available data for deuteron interactions with Zr isotopes
up to 60 MeV, has included every process from elastic scattering until CN evaporation, with particular attention
paid to BU and DR mechanisms.

Results: Newly measured activation excitation functions proved essential for the deuteron database, while
analysis of all available data strengthens their consistent account provided that (i) suitable BU and DR assessment
is completed by (ii) PE and CN contributions corrected for total-reaction cross-section decrease due to the
leakage of the initial deuteron flux towards BU and DR processes.

Conclusions: The suitable description of nuclear mechanisms involved within deuteron-induced reactions on
Zr, especially the BU and DR processes, is validated by overall agreement of the calculated and measured cross

sections including the new experimental data at low energies.

DOI: 10.1103/PhysRevC.104.044615

I. INTRODUCTION

The present analysis of deuteron-induced reactions on Zr
and its stable isotopes continues to extend the database of
deuteron data as well as consistent model accounts [1-9],
requested by ongoing strategic research programs at large-
scale facilities using deuteron beams [10—-12]. Actually, the
deuteron weak binding energy B; = 2.224 MeV is respon-
sible for high complexity of the deuteron interaction that
involves also a variety of reactions induced by the nucleons
following the deuteron breakup (BU) [1,3,5,9,13—15]. The
need to update both the scarce experimental database and
the incomplete theoretical frame of the deuteron activation
analysis within, e.g., the FENDL library [16] concerns also
natural zirconium, which is a constituent of CuCrZr alloys,
candidate material for ITER [10] and DEMO [17] structures.
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Thus, being aware of the discrepancies between measured
data, the consistent inclusion of the BU contribution as well
as of stripping (d, p) and (d, n) and pickup (d, t) and (d, o)
direct reactions (DR) within deuteron activation analysis be-
comes feasible, too, in addition to handy recommended Padé
fits [18,19].

Consequently, this work aims both to strengthen the
database of deuteron-induced reactions on Zr, up to 20 MeV,
and achieve a deeper understanding of deuteron BU and
poorly taken into account DR, besides the well-established
preequilibrium (PE) and emission from the fully equilibrated
compound nucleus (CN). Consistent model calculations have
been involved in this respect, namely (i) by using the same
parameters of, e.g., optical potentials, in the framework of
BU, DR, PE, and CN models, and (ii) looking for a suit-
able description of all available data for competitive reaction
channels, in order to avoid less accurate parameter-error com-
pensation effects.

The present-work experimental setup and the measured
data are described in Sec. II. Then, a consistent energy-

©2021 American Physical Society
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dependent optical potential for deuterons on Zr isotopes is
discussed in Sec. III A. The theoretical framework of the
deuteron BU mechanism is the subject of Sec. III B, while the
DR analysis using the computer code FRESCO [20] is described
in Sec. IIIC. Contributions of the within TALYS-1.95 code
[21] are described in Sec. III D. The measured and calculated
deuteron activation cross sections of natural Zr and its stable
isotopes are compared in Sec. IV, including the evaluated data
from the TENDL-2019 library [22], while conclusions are given
in Sec. V.

II. MEASUREMENTS

The irradiation was carried out on the Center of Acceler-
ators and Nuclear Analytical Methods (CANAM) infrastruc-
ture of the Nuclear Physics Institute of the Czech Academy of
Sciences (NPI CAS) using an external deuteron beam of the
variable-energy cyclotron U120-M operating in the negative-
ion mode. The beam was extracted using a stripping-foil
extractor and was delivered to the reaction chamber through
a beam line consisting of one dipole and two quadrupole
magnets. The mean beam energy was determined with an
accuracy of 1%, with FWHM of 1.8%.

The activation cross sections were measured by a stacked-
foil technique. The collimated deuteron beam of 20.02 MeV
energy struck the stack of foils in a Faraday-cup-like chamber.
This setup enables the cooling of the stacked foils without the
loss of accuracy in the beam and charge monitoring. Stacked
foils were irradiated by a 0.33 A deuteron beam during 620 s
(total charge 203.5 uC).

The high purity metallic Zr foils (99.9%, 25 um, Good-
fellow product) were interleaved by Al foils (99.9%, 50 um,
Goodfellow product) serving as an additional monitor and
for energy reduction. The foils were weighed to avoid rela-
tively large uncertainties in foil thicknesses declared by the
producer. The mean energy, energy thickness, and energy
straggling in each foil were calculated by SRIM 2008 code
[23]. Natural zirconium consists of five stable isotopes: Nz
(51.45%), 21 Zr (11.22%), *Zr (17.15%), **Zr (17.38%), and
%71 (2.80%).

The y rays from the irradiated foils were measured re-
peatedly by two calibrated high-purity germanium (HPGe)
detectors of 50% efficiency. The measurements at different
cooling times lasted ~50 days after irradiation. Activated
isotopes were identified on the basis of Tj/,, y-ray energies,
and their intensities [24] given in Table L.

Experimental errors consist of statistical errors of y-peak
counting, systematic errors of the charge measurement (5%),
uncertainty of foil thicknesses (2%), and detector efficiency
uncertainty (2%).

The measured cross sections of the °’Nb, *°Nb, Nb”,
95Nbg, 94me’ 92me’ 91 me’ 90me+g, 97Zr, 9521‘, 89Zrm’ 892r,
Oy, Otym, Oym 8y 8Ty 8Tym 87y activation through
"7r(d, x) reactions at energies between 4 and 20 MeV are
shown in Tables II and III. The detailed analysis of each
measured excitation function and comparison with recent data
[25-28] are given in Sec. IV, while comments on peculiarities
of several residual-nuclei’s activation are given thereafter.

TABLE I. Half-lives, main y lines, and their intensities [24] of
the isotopes observed from irradiated Zr foils. The transitions marked
by a star were used in the analysis.

Isotope Ti E, (keV) L, (%)
T7r 1691 h 743.36 93
97Nb 72.1 min 658.08 98 *
%Nb 23.35h 778.22 96.45

568.8 58

495.88 26.62
S7r 64.02 h 756.73 54

724.20 44.17
S Nb™ 86.6 h 235.69 24.5 *
SNb# 34.975d 765.8 100 *
My 18.7 min 918.74 56
*Nb™ 6.263 min 871.09 0.50
2Nb™ 10.15d 934.46 99
Olym 49.71 min 555.57 95
oINDb™ 60.86 d 1204.77 2.9

104.62 0.539
Nb 14.6 h 1129.22 92.7

2318.97 82.03

141.18 66.8
Dy 3.19h 202.51 97.3

479.17 90.74
897, 4.18 min 587.83 90
87r 78.41h 908.96 100

1713.06 0.763

8y 106.65 d 1836.06 99.2

898.04 93.7
8ym 13.37h 380.79 78
87y 79.8 h 484.81 89.7 &
8y 79.8h 484.81 89.7

388.53 82

The activation cross sections of the °’Nb residual nucleus
were determined from analysis of the time dependence of the
658.08 keV activity using Bateman formula, as there are two
contributions to it, the second originating from the decay of
the °’Zr residual nucleus. The activity of °’Zr at the end of the
irradiation was determined independently and was used as a
fixed parameter.

The situation is similar for “Nb” (235.69 keV level,
3.61 d) produced in the (d, x) reaction, which decays solely to
the ground state (g.s.). This 235.69 keV level is also populated
by decay of ®Zr, being fed by 1.08% of the total activity [29].
The independently determined activity of *>Zr at the end of
the irradiation and the above branching parameter were fixed
for the fit.

In the case of “Nbg, the contributions from the (d, x) re-
actions and from the progenitors (> Nb™ 1.08%, *>Zr 98.9%)
were disentangled by the analysis of the 765.8 keV line (be-
longing to *>Mo) time evolution (six different points from
a few to 1000 hours after the irradiation). Similarly to the
previous case, we have used the independently determined
activity of *>Zr and “>Nb™ in the fit. We have also set free
all the three parameters to estimate the consistency of the
method; the difference of > Nb# calculated activity in this case
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TABLE II. Measured Nb and Zr (A > 90) residual-nuclei activation cross sections (mb) for deuterons incident on natural zirconium. The
displayed energy uncertainty is a combination of the energy thickness of each foil and the initial-energy spread. The uncertainties are given in

parentheses, in units of the last digit.

Energy (MeV)  “'Nb Nb PNb” PNb# *Nb” ”Nb” 'Nb” *'Nb s SZr
4.32(60) 029(6)  0.19(1)  0.98(11)  1.45(16) LI18(7)  329G31)  0.10(1)  0322)  3.29(13)
6.54(46) 2.0041)  6.03(35) 8.13(92) 14.0(16)  22.0(28)  19.1(11) 45.8(33) 0.13(1)  4.03(23) 26.8(15)
8.33(40) 2.63(54) 16.04(93) 7.83(89) 15.7(18)  72.2(48)  60.4(36) 74.8(49) 0.17(1)  6.34(37) 42.9(25)
9.89(36) 204(42) 21.8(13)  6.77(77) 13.0(15)  98.8(84)  86.9)51) 74.2(47) 634(37) 591(35) 43.8(25)
11.29(33) 1.99(41)  24.7(14)  537(61) 11.6(13)  112(12)  96.3(62) 65.1(45)  100.6(58)  5.40(31) 40.0(23)
12.57(30) 1.72(36)  24.5(14)  6.17(70) 14.4(16)  111(14)  110.2(66) 55.3(33)  216.(13)  4.81(28) 37.9(22)
13.77(29) 12927) 212(12)  6.94(79) 17.3(20)  103(29) 104.3(62) 449(32)  311.(18)  431(27) 33.3(19)
14.89(27) 0.89(18) 17.1(10) ~ 7.03(80) 23.627)  73(10)  105.6(62) 44.6(28)  359.21)  3.83(25) 31.2(18)
15.96(26) 1.33(28) 13.91(81) 7.37(84) 28.0(32)  60.7(93)  86.2(50) 40.3(24)  395.23)  3.51(21) 28.4(16)
16.98(25) 0.96(20) 11.37(67) 7.81(89)  29.6(34) 76.4(46) 40.6(29)  404.24)  3.26(22) 26.0(15)
17.95(24) 11925 9.91(58) 7.87(89) 324(37) 38.6(40)  62.1(36) 423(27) 43225  3.11(22) 24.8(14)
18.89(23) 0.94(19)  8.50(50) 7.37(84) 34.5(39) 55.1(32) 423(26)  443.26)  2.69(17) 23.1(13)
19.80(23) 091(19)  6.95(41) 7.52(85) 34.7(39) 44.6(26) 41.8(26)  452.(27)  2.52(17) 21.8(13)

was in the range of 10%. However, our results for *>Nb¢ differ
from those of Tarkanyi et al. [26] by a factor 2 at around 10
MeV, the region of the maximum production cross section for
97y, Since we did not find in [26] any information on the
treatment of the feeding from *>Zr (while the feeding from
SNb™ is discussed there), we tend to ascribe this difference to
a neglected feeding from *>Zr.

The activity of *'Nb” (60.86 d) was evaluated from the
analysis of the y line with energy 1204.77 keV (belonging
to °'Mo). It is populated in 2.8% of the decays. The same
transition is populated in °'y (58.51 d) decay, with 0.3% in-
tensity. The expected maximum cross section for °''Y around
20 MeV is, however, two orders of magnitude lower than
for °'Nb”. We did not observe any effect of the *'Y decay
in the 1204.77 keV transition, which is consistent with the
mentioned low cross section.

The activation cross sections of "Zr(d, x) ¥y™ (13.37 h)
were determined from the y line 380.8 keV. This isomer
decays to the g.s. (79.8 h), so the activation cross sections
for "' Zr(d, x) 87Y# (with the 484.8 keV y-line) were analyzed
using the Bateman formula, as in the above cases. Moreover,

the cumulative cross section for 87 Y8t was measured after
140 hours, when the feeding from 37Y™ is already negligible.

III. NUCLEAR MODEL ANALYSIS

A. Optical potential assessment

A consistent input of nuclear model calculations should be
proved [1-9] by the simultaneous analysis of the deuteron
elastic scattering and induced activation, the optical model
potential (OMP) parameters that are obtained by the former
data fit being then used for calculation of all deuteron reaction
cross sections. The Daehnick er al. [30] OMP was the first
option of the present analysis, being obtained by use of a
large experimental basis including also angular distributions
of elastic scattered deuterons on *°°%%%7Zr isotopes. It has
been endorsed, too, by the present comparison of the exper-
imental elastic-scattering angular distributions of deuterons
on 20929497 [31-40] at incident energies between A5
and 56 MeV, and the calculated values using the computer
code SCAT2 [41] and this OMP (Fig. 1). The good descrip-
tion of the measured data thus provided confidence for the

TABLE III. As in Table II but for Zr (A < 90) and Y isotopes activation.

Energy (MCV) 89Zrm SQZr 94Y 91Ym 90Ym 88Y 87Ym 87Yg 87Y
4.32(60) 0.002(1) 0.004(1) 0.07(3)

6.54(46) 0.036(4) 0.030(2) 0.45(4)

8.33(40) 0.113(8) 0.006(1) 0.131(8) 1.76(11)

9.89(36) 0.22(1) 0.139(14) 0.052(6) 0.259(15) 3.72(24)

11.29(33) 0.45(7) 0.189(39)  0.147(15)  0.334(26) 5.83(38)

12.57(30) 1.26(12) 0.202(30) 0.351(41) 0.397(33) 8.63(55) 0.06(1)
13.77(29) 2.34(18) 0.168(60) 0.559(53) 0.424(43) 9.59(56) 0.16(6) 0.23(3) 0.44(3)
14.89(27) 1.07(11) 3.38(20) 0.800(61)  0.409(41)  11.65(89)  0.83(17)  0.61(7) 1.62(9)
15.96(26) 1.47(13) 4.21(26) 1.012(64) 0.391(38) 12.14(77) 1.92(12) 1.32(15) 3.90(23)
16.98(25) 4.91(29) 1.290(86) 0.403(79) 11.80(76) 3.31(24) 2.60(29) 6.66(39)
17.95(24) 2.14(13) 6.41(37)  0.165(24)  1.60(12) 0.544(49)  11.78(74)  5.08(32)  3.92(45)  1027(59)
18.89(23) 2.79(17) 11.17(65) 0.178(35) 1.78(11) 0.626(45) 11.52(74) 6.79(42) 4.98(57) 13.11(75)
19.80(23) 4.9(14) 21.3(13) 1.81(16) 0.780(65) 11.19(75) 8.41(51) 5.91(67) 15.99(93)
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FIG. 1. Comparison of measured [31—40] and calculated elastic-
scattering angular distributions of deuterons on 091929497y at
energies from &5 to 56 MeV, using the global OMP of Daehnick
et al. [30].

further use of this deuteron potential in calculation of the
activation cross sections of the deuteron interaction with Zr
isotopes.

The same deuteron OMP as well as the nucleon, triton, and
a-particle OMPs (Sec. III D) were then incuded within each
of the BU, DR, PE, and CN models, for a consistent model
analysis.

B. Deuteron breakup

Details concerning the physical picture of the deuteron
breakup in the Coulomb and nuclear fields of the target nu-
cleus were given recently [7,9,15]. Therefore, only particular
points are mentioned hereafter for the distinct processes that
are considered in this respect, namely the elastic breakup (EB)
in which the target nucleus remains in its ground state and
none of the deuteron constituents interacts with it, and the
inelastic breakup or breakup fusion (BF), where one of these
deuteron constituents interacts nonelastically with the target
nucleus.

The parametrization [15] of both EB cross section oxp and
total BU proton-emission cross section agU =ogp + agF was
obtained through analysis of the experimental systematics of
deuteron-induced reactions on target nuclei from 2’ Al to *>Th
[42-46]. Equal BF nucleon-emission cross sections oz, and
O’gF were assumed [46], so that the total BU cross section is

opy = ogp + ZU;I/FP Actually, the ratios of o, and ogp to the
deuteron total-reaction cross section og were parametrized,
ie., g{,” = og{}’ /ogr and frp = opp/ox, respectively. Their

dependence on deuteron incident energy E, as well as target-

1000¢

& (mb)

10047

10

10 20 30 40 50 10 20 30 40 50 60
E (MeV)

FIG. 2. The energy dependence of the deuteron total-reaction

cross sections [30] (thin solid curves), total BU cross sections opy

(thick solid), and total BU proton-emission o, (short-dashed), BF

(dashed), and EB (dash-dotted) cross sections [15], for deuteron
interactions with °*%Zr isotopes.

nucleus atomic Z and mass A numbers, is given by

f3lP = 0.087 — 0.0066Z + 0.00163ZA"/3

+0.0017A'°E — 0.000002ZE>, (D
fes = 0.031 — 0.0028Z + 0.00051ZA'/3
+0.0005A'°E — 0.000001ZE?, )

while more details concerning the extrapolation of frp be-
yond the energy domain of experimental systematics, and
the constraint due to scarce data exiting for heaviest target
nuclei (A > 200), are given elsewhere [14,15]. The energy
dependence of og, opy, al’;U as well as of the components
ogp and ag » 1s shown in Fig 2 for deuteron interactions with
90.9%7r isotopes. The BU excitation functions increase with
increasing deuteron-energy, while their dominant BF compo-
nent is quite important for the analysis of two opposite BU
effects on deuteron-activation cross sections, briefly recalled
later.

First, the total-reaction cross section that is shared among
different outgoing channels is reduced by the value of opy.
On the other hand, the BF component brings additional con-
tributions to different reaction channels [1-9,47-49]. Then,
interactions of the BF proton or neutron with the target nu-
cleus contribute to enhancement of the corresponding (d, xn)
or (d, xp) reaction cross sections, respectively. The compound
nuclei in reactions induced by the BF nucleons differ by
one unit of A and maybe also of Z than in deuteron-induced
reactions. The partition of the BF cross section among various
residual-nuclei population is triggered by the energy spectra
of the BF nucleons and the excitation functions of the reac-
tions induced by these nucleons on the target nuclei [9,49].

Interpolation of nucleon-induced reaction cross sections
available either experimentally [40] or evaluated [22] has been
used in estimation of the nucleon-enhancing ratios [9,49],
in order to reduce as much as possible the supplementary
uncertainties brought by additional theoretical calculations.

Lastly, the BF enhancements by the BU nucleons cor-
responding to deuterons incident on "Zr, through (n,y),
(n,2n), (n,xp), (n,xnyp), (p,v), (p,xn), (p,2p), and
(p, xnyp) reactions, are discussed in Sec. IV (Figs. 10-23).
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FIG. 3. Comparison of measured [62,63] and calculated (solid curves) proton angular distributions of *°Zr(d, p)°'Zr (top) and
917r(d, p) **Zr (bottom) stripping transitions to states with excitation energies in MeV, at incident energies of 15.89 and 12 MeV, respectively.
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C. Direct reactions

The DR mechanism [49] remains quite important for es-
timation of the of first-chance emitted particle (d, p), (d, n),
(d,t), and (d, o) reaction cross sections, especially around
the Coulomb barrier. Poor attention given so far to this issue
may account for the problems noted even nowadays with
respect to the theoretical modeling of deuteron-induced reac-
tions [18,19,50].

On the other hand, the (d, p) stripping reaction has partic-
ularly been of major importance for nuclear structure studies,
with the spectroscopic factors extracted from proton angular-
distributions analysis contributing to validation of the nuclear
shell model. Consequently, the rich systematics of transferred

proton angular distributions made possible in the present
work the detailed analyses of the (d, p) stripping process on
90.91.92.94.967 - isotopes.

The appropriate calculation of the DR stripping and pickup
mechanisms’ contributions in this work used the distorted-
wave Born approximation (DWBA) formalism within the
code FRESCO [20]. The post/prior form distorted-wave tran-
sition amplitudes for (d,n/p) stripping and respectively
(d,t/a) pickup reactions, and the finite-range interaction,
have been considered. The n-p effective interaction in
deuterons [51] as well as the d-n effective interaction in tritons
[52] were assumed to have a Gaussian shape, at the same
time a Woods-Saxon shape [53] was assumed for the d-d
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FIG. 5. Bottom: Energy dependence of the total-reaction (solid curves), total-breakup (dashed), as well as stripping (d, p) (dash-dotted)
and (d, n) (dash-dot-dotted), and pickup (d, t) (dotted) and (d, ) (short-dotted) reaction cross sections of deuterons on 90-92,94.9677,. Top: The
corresponding reduction factors of the deuteron flux going towards PE + CN emission.

effective interaction in the « particle. The transferred nucleon
and deuteron bound states were generated in a Woods-Saxon
real potential [2,4-9,13]. The populated discrete levels and
the corresponding spectroscopic factors available within the
ENSDF library [54] were used as starting input of the DWBA
calculations for the stripping and pickup reactions [55-61].

The analysis of the extensive protons angular distribu-
tions from 0929497 (d, p) 1393977 stripping reactions
(Figs. 3 and 4) has provided the ultimate spectroscopic factors
for transitions to discrete levels of residual nuclei, and the
related calculated stripping cross sections. Thus, the numbers
of residual-nuclei discrete levels considered in this respect
were 51 in *'Zr [54,55], 59 in °*Zr [54,55], 39 in **Zr [54,55],
31 in PZr [54,56], and 13 in *’Zr [54,57]. Then, the suitable
description of the available (d, p) angular distributions shown
in these figures gives confidence in the corresponding theo-
retical stripping excitation functions shown at the bottom of
Fig. 5.

Unfortunately, spectroscopic information corresponding to
stripping (d,n) and pickup (d,t) and (d,«) reactions is
available only for the most abundant isotope *°Zr at a com-
parable level to that of the stripping (d, p) reaction. Thus,
a suitable description of the angular distributions for these
reactions [66—68] (Fig. 6) has validated the corresponding
(d,n), (d,t), and (d, a) excitation function calculations also
shown in Fig. 5 for this nucleus.

On the other hand, analysis of the only selected experimen-
tal triton angular distributions corresponding to the ground
states of 209193957 residual nuclei [69] (Fig. 7), at the
same time with the use of spectroscopic factors provided by
Refs. [54-56,58] for the rest of the pickup transitions, was
involved in the calculation of the excitation functions of (d, 1)
pickup reactions on ?!-92%4%7r (also in Fig. 5).

Similarly, the analyses of selected experimental «-particle
angular distributions [70,71] (Fig. 8) and spectroscopic fac-
tors provided by Refs. [54,55,58,59] have been considered
for calculation of the pickup reaction *>°+%Zr(d, o) %929y
excitation functions (Fig. 5).

We particularly comment on missing spectroscopic infor-
mation for ***Zr(d, n)*>*Nb stripping reactions, needed

to estimate the DR contribution to activation of the cor-
responding residual nuclei (Sec. IV). In this respect, we
have adopted the spectroscopic factors of stripped proton
by analysis of °!**Zr(*He, d) stripping reactions [54,56,72],
completed by analysis of available deuteron angular distri-
butions from °'Zr(*He, d)*>Nb measured at 25.5 incident
energy by Decman and Sheline [73] (Fig. 9). The d-p effective
interaction in *He was assumed to have a Gaussian shape [74],
similarly to (d, p) stripping analysis, while the transferred-
proton bound states were generated in a Woods-Saxon real
potential.

The spectroscopic factors S obtained in the present work
by analysis of the experimental outgoing-particle angular dis-
tributions shown in Figs. 3, 4, and 6-9 are given in the
Supplemental Material [75]. Their uncertainties, of obvious
interest for detailed description of single-particle and col-
lective features of even stable nuclei, exceeded the aim of
the present DR account in completion of the deuteron ac-
tivation of residual nuclei. Actually there were unquoted
uncertainties on the above-mentioned S values [54-56,58,59]
also used within this work, while significant changes of the
spectroscopic factors extracted using DWBA may exist due
to ambiguities in the optical and bound-state potentials (e.g.,
[76-78] and Refs. therein), and even the choice of the angular
range where the fit is performed [79]. This is why, by using
advanced global potentials, the finite-range DWBA method
within the code FRESCO, and the enlarged angular range of the
fitted data (Figs. 3, 4, 6-9), we expect the uncertainties of the
present S values [75] are yet in the limit of 40% [78].

Concluding the suitable account of proton, neutron,
deuteron, triton, and o-emission angular distributions of
stripping (d, p), (d, n), (PHe, d), and pickup (d,t), (d, o)
reactions on 20929497 (Figs. 3, 4, 6-9), reliable DR as well
as BU contributions are summarized in Fig. 5. An overview
of the deuteron flux, which, subsequently to these direct in-
teractions (DI) processes, remains available for PE and fully
equilibrated CN decay, is given by the ok reduction factor

ogy + 0 + o + o + o o
1— BU (d.n) d.p) (d.1) @) _ 1— ﬂ’ 3)

OR OR
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FIG. 6. As in Fig. 3 but for **Zr and (top) (d, n) stripping re-
action at 12 MeV [66], (middle) (d, «), and (bottom) (d, t) pickup
reactions at 17 MeV [67] and 21.14 MeV [68], respectively.

shown for 20929497 isotopes in Fig. 5 at once with the
BU and DR excitation functions. Among the direct reactions
considered in the present analysis there is obvious dominance
of the (d, p) stripping process. Moreover, one may note first
a steep increases with energy of the reduction factor since
the major BU as well as the DR components increase with
energy. The maximum of the (d, p) and (d, n) stripping ex-
citation functions around 7-11 MeV is particularly obvious,
providing the fastest slope of this factor. Then, the reduction
factor reaches its own maximum and a slow decrease fol-
lows for all Zr isotopes due to an increase with energy of
the BU + DR excitation functions that is slower than for og.
Thus, the remaining deuteron oy for the PE + CN statistical
processes is slightly increasing above the deuteron energies
of 15-20 MeV but close to only half of the OMP values.
The important role of the direct interactions is thus pointed
out.
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NZr(d)°zr | o
i *, g.s.

E,=11.8 MeV
¢ [ e Jahr+ (1975)
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o
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do/dQ (mb/sr)
o

0 30 60 90 0 30 60 90
Sc_m_(deg)

FIG. 7. As in Fig. 3 but for *'9294%7r(d, 1)9%°1:9397r pickup
transitions to the ground state of °*°'*%Zr residual nuclei, at
11.8 MeV [69].

D. Statistical emission

The PE and CN statistical processes become important
with the incident-energy increase (e.g., [49]). The corre-
sponding reaction cross sections and additionally the inelastic
breakup enhancement [5-9,47,48] have been calculated using
the TALYS-1.95 code [21]. The above-mentioned deuteron-flux
absorption into the DR processes has been taken into account,
too.

The following input options of the TALYS code have been
used: (a) the OMPs of Koning-Delaroche [80], Daehnick
et al. [30], Becchetti-Greenlees [81], and Avrigeanu et al.
[82] for neutrons and protons, deuterons, tritons, and « par-
ticles, respectively, (b) the back-shifted Fermi gas (BSFG)
formula for the nuclear level density [83,84] including the
damping of shell effects with excitation energy in single-
particle level densities, and (c) analytical PE transition
rates with energy-dependent matrix element. The breakup
model 2 option has been also used for deuteron breakup
cross section calculations, including the inelastic breakup
enhancement [6,15].

Actually, the PE and CN mechanisms’ contribution shares
around half of the deuteron total-reaction cross section oy,
as shown in Fig. 5. It is discussed in the following for each
residual nucleus activation, in comparison to the breakup and
direct reactions ones.

IV. RESULTS AND DISCUSSION

The excitation functions of particular residual nuclei re-
sulting from deuteron interaction with "Zr, measured in the
present work (Sec. II), are compared with the formerly avail-
able data [40], the corresponding TENDL-2019 evaluation
[22], and the results of calculations using FRESCO [20] and
TALYS [21] codes. The measured excitation functions for the
population of 9TNb, *Nb™, 87", %4y, and °'Y" residual
nuclei are for the first time reported in the present work, while
the rest of measured cross sections are in particularly good
agreement with the more recent data [25-28].
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FIG. 8. As in Fig. 3 but for (top and middle) ***°Zr(d, a) *>**Y
pickup reactions at 11.5 MeV [70] and (bottom) 28 MeV [71].

The detailed contributions of various reaction mechanisms,
pointing out the strength of each one, and of the Zr isotopes
to the activation of a certain residual nucleus are presented
following three residual nuclei sequences: "*Zr(d, xn)°’*°Nb
(Figs. 10-15), "Zr(d,xnp)”"8Zr (Figs. 16-19), and
nt7r(d, xn2p)°80Y (Figs. 20-23). While some negligible
contributions to the activation of particular residual nuclei are
not shown for specific Zr stable isotopes in Figs. 10-23, they
were all considered within the cross-section calculation for
natural Zr target.

The proper description of the reaction mechanisms con-
sidered in this work is proved by the overall agreement
of experimental and calculated excitation functions. Addi-
tionally, particular comments concerning reaction types and
residual nuclei follows.

A. "Zr(d, xn)’"*"Nb reactions
1. "Zr(d, n)’’Nb

The measured "Zr(d, n) *’Nb cross sections are for the
first time reported in the present work. The analysis of °’Nb
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FIG.9. As in Fig. 8 but for *'Zr(*He, d)**Nb reaction at
25.5 MeV [73].

residual-nucleus activation by deuterons incident on "'Zr tar-
get involves actually only the neutron-richest stable isotope
%7: while there is an excitation function of the same resid-
ual nucleus measured previously for deuterons on the target
nucleus *°Zr [85,86].

The suitable description of the °’Nb excitation functions
for deuterons incident on "*Zr as well as *°Zr (Fig. 10)
is a distinct test of the present model approach due to the
involvement of more reaction mechanisms. However, the

I

@) "atZr(d xn) Nb 100+

X

3 10F ._-
E I T Bock(1961)
o (¥ /] Otozai+(1968
: ] &b - -~ -BF: (p1)]
S RRRR TENDL-2019 [/ ~<_  __---"""7-<
0.1 BF+DR+PE+CN]f ! T e DR: (d,n)
‘ ] U.'IE R ‘ ——— - PE""CN
5 10 15 20 25 5 10 15 20 25
E (MeV)

FIG. 10. Comparison of present (solid circles) and previous
[85,86] measurements, TENDL-2019 evaluation [22] (short dashed
curves), and present calculation (solid curves) of "Zr(d, x) °’Nb and
%7r(d, n) °Nb reaction cross sections, along with BF enhancement
(dashed), stripping (d, n) reaction (dash-dotted), and PE + CN com-
ponents corrected for DI deuteron flux leakage (dash-dot-dotted).
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FIG. 11. Asin Fig. 10 but for “Nb activation, and additional data
[25,26].

statistical emission has a dominant role in this case, providing
a good data account, together with the contribution of the
stripping reaction only above the incident energy of ~15 MeV.
The inelastic breakup enhancement brought by breakup pro-
tons through the (p, ) reaction is more than an order of
magnitude lower than even the stripping contribution. On
the other hand, the apparent underestimation by the TENDL

evaluation seems to be due to either different statistical-
emission parameters (e.g., the deuteron OMP) or larger BU
component.

2. "7Zr(d, xn)**Nb

The measured cross sections within the present work are
in good agreement particularly with the more recent data
[26], while particular support for the higher values around the
incident energy of 20 MeV is shown in Fig. 11(a).

The residual nucleus *Nb population follows actually the
deuteron interactions only with the **Zr isotope, in a similar
way to the above-discussed case of °’Nb. That is also because
the eventual role of the **Zr(d, y) °*Nb reaction is negligible
due to the particle/y decay competition at excitation ener-
gies well above particle binding energy. The analysis of the
%Nb activation has taken into account, beyond the PE + CN
statistical emission, also the inelastic breakup enhancement
brought by breakup protons through the (p, n) reaction, shown
in Fig. 11(b). Its weight, of ~20% around the excitation-
function maximum, has led to an accurate account of the
measured data for the 96Zr(d ,2n) 9%Nb reaction [25,86].

i T 4
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FIG. 12. AsinFig. 11 but for (a)—(c) > Nb™, (d)=(f) *>Nb¢, and (g)—(i) **Nb activation, additional data [40], and (a), (d), (g) ****Zr activation

contributions (dash-dotted and dashed curves, respectively) (see text).
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FIG. 13. As in Fig. 12 but for **Nb™ activation.

On the other hand, this BF-enhancement weight increases
with energy and provides a less decreasing trend of the
corresponding cross sections, but is in agreement with the
higher values of the related, rather dispersed data for the
natze(d, xn) *Nb reaction. Further cross-section measurement
in between 20 and 40 MeV within the Neutrons for Science
(NFS) project [12] would be quite useful in this respect.

3. "™ Zr(d, xn) PNp™"+8

While there is a proper correspondence between
"tzr(d, xn) >Nb™  cross sections measured previously
[25-27] and within this work, the apparent difference among
the corresponding data for *>Nb# activation (Fig. 12) has
already been noted in Sec. II. Moreover, the target stack
included also Mo foils earlier [26]. In this case one should
note that the y line of 765.8 keV may correspond also to the
decay of both ®Nb (87) and *Te (8%, T}, ~ 20 h) [56]
activated through "™Mo(d, x) reactions [87].

Concerning the model calculations, we first emphasize
the suitable account of the *>Nb? activation reported in this
work [Fig. 12(d)]. An agreement with the similar data mea-
sured previously should include, particularly around their

maximum, the contributions from **Zr decay as mentioned
in Sec. II. There is also a good agreement between the
experimental and calculated > Nb™ activations [Fig. 12(a)],
except for a data underestimation between incident ener-
gies 7-11 MeV that preserves their certain shape. Both
natzr(d, x) >Nb and **Zr(d, n) “Nb excitation functions mea-
sured by Bock [85] are well described [Figs. 12(g) and 12(h)],
while the underestimation of the first maximum of Gon-
char er al. [25] data could be due to contributions of *Zr
decay.

The PE 4 CN statistical emission brings the dominant
contribution to both (d,n) and (d, 3n) reactions, but also
the stripping (d, n) mechanism plays an important role in
describing the maximum of the **Zr(d, n) excitation func-
tions [Figs. 12(a), 12(d), 12(g), 12(h)]. At the same time,
the BF enhancement by breakup protons through the (p, 2n)
reaction brings an important contribution to *°Zr(d, 3n) acti-
vation [Figs. 12(c), 12(f), 12(i)], providing the lower decrease
shown by the experimental trend for " Zr [Figs. 12(a), 12(d),
12(g)]. On the other hand, by comparison of this component
and BF enhancement through the (p, y) reaction contribution
to (d, n) reaction cross sections [Figs. 12(b), 12(e), 12(h)],
it becomes obvious that there is increased BF importance
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10 S
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FIG. 14. As in Fig. 12 but for (a)—(e) >Nb™ and (f)—(j) *'Nb™ activation, and (a), (f) °**1:92949%Zr activation contributions (dashed, short-

dash-dotted, dash-dot-dotted, dash-dotted, and dotted, respectively).
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FIG. 15. As in Fig. 14 but for Nb activation and additional data [25,26,28,40].

for the third-chance particle emission in deuteron-induced
reactions.

Overall, taking into account also the scarce information on
branching ratios for > Nb decay, it may be concluded that a
due consideration of BU, DR, and PE + CN processes pro-
vides a better account of 2 Nb™&"+8 activation than, e.g., the
TENDL-2019 evaluation [Figs. 12(a),12(d),12(g), 12(h)].

4. "7Zrd, xn) **Np™

The measured " Zr(d, xn) **Nb™ excitation function is for
the first time reported in the present work, while no other
measurement of the corresponding data exists for *+?°Zr tar-
get nuclei. This activation is the result of 94Zr(d , 2n)94Nb'”
and %°Zr(d, 4n)°*Nb™ reactions shown in Figs. 13(b) and
13(c), an eventual contribution of the *>Zr isotope through the
927r(d, y) **Nb™ reaction being negligible.

The PE + CN statistical emission provides again the main
contribution, while the BF enhancement due to breakup
protons through the (p, n) reaction contributes to the descrip-
tion of the "™ Zr(d, xn) **Nb™ excitation-function maximum
[Fig. 13(a)]. It has also improved the lower decrease toward
the increased incident energies.

5. "t7Zr(d, xn) 2Nb™

The *2Nb™ activation cross sections measured in this work
are particularly in agreement with the more recent ones
[87] within limits of the error bars. On the other hand, this
isomer activation by deuterons on natural Zr includes contri-
butions from °1°2%497r isotopes and BU, (d, n) stripping,
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@ “zr(d,p)7zr| Zr(d
100k iy,
g : v Bock (1961)
o i | o Otozai+(1968)
© 4 Gonchar+ (1993)] .. | 1L[: .
;| = Tarkanyi+ (2004) ; T :Bf (n,y)
¥ ® This work .7 T oo
A I DR
: ¢ ---PE+CN
0.14: KA .
510 15 20 25 5 10 15 20 25

E (MeV)

FIG. 16. As in Fig. 10 but for (a) ™Zr(d, p)*’Zr and
(b) *Zr(d, p)*"Zr reactions, stripping (d, p) reaction, and previous
[25,26,40,85,86] measurements.

and PE + CN statistical emission mechanisms [Figs. 14(a)—
14(e)]. Actually, the dominant ones are due to °>°*Zr isotopes
[Fig. 14(a)], following mainly the statistical emission shown
in Figs. 14(c) and 14(d). However, important components are
also provided by the BF enhancement of breakup protons
through (p, n) and (p, 3n) reactions, respectively [Figs. 14(c)
and 14(d)].

Note the related contribution of the less abundant isotope
917r, that remains still an order of magnitude lower than that
of ¥2%47r isotopes in Fig. 14(a). At the same time, the BF en-
hancement of breakup protons, through the (p, y) reaction, is
above the stripping °'Zr(d, n)*> Nb™ cross sections at incident
energies below ~6 MeV, which then becomes the dominant
one at incident energies above 25 MeV [Fig. 14(b)].

Throughout, the present model calculations describe the
measured "*Zr(d, xn) °*Nb™ excitation function apart from its
decrease at energies beyond ~40 MeV.

6. "Zr(d, xn)’'Nb™

The same comments as for Nb™ activation are in order
for the ®’Nb™ isomer, too. The related contributions in this
case are due to 209294967, isotopes, while the main ones
are provided by **°!Zr around the excitation function maxi-
mum [Figs. 14(f)—14(j)]. Then, **Zr becomes more important
at energies above 20 MeV. A negligible contribution of the
%7r(d, Tn) °'Nb™ reaction is no longer shown.

The important role of the DI processes is obvious in
Fig. 14(g) above the deuteron energy of 27 MeV, where these
reaction mechanisms become dominant. The good agreement
between experimental and calculated *'Nb™ activation ex-
citation functions in Fig. 14(f) validates the present model
approach.

7. " Zr(d, xn) **Nb

The “°Nb activation cross sections measured in this work
corroborate the previous lower data sets [25,26], also taking
advantage of increased accuracy (Fig. 15).

The description of the "*Zr(d, xn) “*Nb excitation func-
tion has taken into account contributions from °%°'92Zr
isotopes, the main one being that of the N07r(d, 2n) reac-
tion [Fig. 15(b)]. The present calculations describe the steep
increase of "™ Zr(d, xn) *°Nb and °'Zr(d, 3n) *°°Nb measured
excitation functions [25,26,28] while an overestimation of the
former even beyond twice a standard deviation (o) occurs at
deuteron energies above ~30 MeV [Figs. 15(a)]. It could be a
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result of the stronger contribution coming from BF enhance-
ment of breakup protons through the *°Zr(p, n) °*Nb reaction
[Fig. 15(b)] in comparison to the similar ones on *>*!Zr target
nuclei [Figs. 14(c) and 14(h)]. At the same time there is
also an underestimation of °'Zr(d, 3n) °°Nb measured cross
sections above ~23 MeV, that is slightly improved by the BF
enhancement of breakup protons through the °!Zr(p, 2n) *°*Nb
reaction [Fig. 15(¢c)].
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FIG. 18. As in Fig. 14 but for (a), (b) ¥*Zr" and and (c)-(f) ¥Zr
activation, and the additional data [25,26] for the latter; the arrows
indicate *°Zr(d, t) ¥Zr reaction threshold.

B. "'Zr(d, xnp)”®8Zr reactions
1. "Zr(d, p)° Zr

The measured "*Zr(d, p)°'Zr cross sections are reported
in the present work with much increased accuracy that makes
possible the choice of the more recent among two previous
data sets at variance [25,26] (Fig. 16). Thus, we clearly estab-
lished both the maximum of this excitation function and its
corresponding deuteron energy.

The analysis of °’Zr residual-nucleus activation by
deuterons incident on "Zr target involves only the neutron-
richest stable isotope 9%7r in a similar way to the 9"Nb
activation (Fig. 10). There are also earlier measured cross
sections of the same residual nucleus for deuterons incident
on the target nucleus %71 [85,86].

Once more, similarlty to the (d, n) reaction, description of
the latter excitation function in Fig. 16(b) has included the
breakup, stripping, and PE + CN statistical emission. How-
ever, the BF enhancement by breakup neutrons through the
%7Zr(n, y) " Zr reaction is two orders of magnitudes lower.
On the other hand, the stripping (d, p) process provides now
the strongest contribution to °’Zr activation especially at the
lowest deuteron energies, below ~10 MeV, but also above
20 MeV, in good agreement with measured data in Fig. 16.

The effect of neglecting the important role of the
DR stripping process is illustrated by the underestima-
tion by the TENDL evaluation of both "*Zr(d, p)®’'Zr and
%7r(d, p)*"Zr reaction data. Actually, this proof is just in
line with the previous discussion of the experimental (d, p)
excitation functions for >'Vv [8], °Cr [7], Mn [9], *8Fe [5],
Mo [8], Ni [6], and *Nb [4] target nuclei, which cannot be
described as long as the strong stripping (d, p) contribution is
neglected.

2. "7r(d, xnp) > Zr

The newly measured "*Zr(d, xnp) *>Zr cross sections with
much increased accuracy are making possible the choice of
the more recent data set [26] instead of the earlier ones
[25,27], in Fig. 17(a). We have thus clearly established both
the maximum of this excitation function and its corresponding
deuteron energy.

The analysis of *Zr residual-nucleus activation through
deuteron interaction with natural Zr (Fig. 17) is a most
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interesting one because of the variety of contributing reaction
mechanisms. There are involved two direct reactions, namely
the stripping **Zr(d, p)**Zr and pickup *°Zr(d, t)*Zr re-
actions, along with the breakup and PE 4 CN statistical
emission [Figs. 17(b) and 17(c)].

The stripping (d, p) mechanism is the dominant one except
at deuteron energies between 9 and 20 MeV, where it is close
to the statistical PE + CN. Together, they describe well the
measured **Zr(d, p)*Zr data [85] [Fig. 17(b)] as well as
"atzr(d, xnp) *>Zr excitation functions reported in the present
work, providing confidence in the reaction models taken into
account. At the same time, the BF enhancement by breakup
neutrons through the **Zr(n, y)°>Zr reaction is practically
negligible.

On the other hand, the pickup (d, t) reaction on the *°Zr
isotope provides a contribution much lower above ~16 MeV
than PE + CN and even BF enhancement through (n, 2n) as
well as (p, d) reactions on **Zr [Fig. 17(c)]. However, it is
the single reaction mechanism contributing to *>Zr activation
below the (d, nd) and (d, 2np) reaction thresholds. This spe-
cific feature of the pickup (d,t) process is not apparent in
the whole activation of the *Zr residual nucleus [Fig. 17(a)]
due to the strong contribution of the (d, p) reaction at lowest
energies. Also note in this respect the large difference between
the *+%Zr isotope weights within natural Zr.

Therefore, Zr activation has marked two significant dif-
ferences between effects of the same reaction mechanism, i.e.,
major DR stripping (d, p) on **Zr vs minor pickup (d, )

except at the lowest energies on %7 and, on the other hand,
major BF enhancement by (n,2r) and (p, d) reactions on
%7r vs slight enhancement by the (n, y) reaction on **Zr. It
proves the need to pay attention to all BU, DR, and PE 4+ CN
processes, while the underestimation of the measured *>Zr
residual nucleus population by the TENDL evaluation [22]
[Figs. 17(a) and 17(b)] could be just due tonot considering
the DL

3. "Zr(d, xnp)¥® Zr™ "¢

The measured "Zr(d, xnp) 3Zr™ excitation function is
for the first time reported in the present work, while there
are no similar data also for **°1%2Zr isotopes. At the same
time, the newly measured n7r(d, xnp) 8971 cross sections
are quite helpful in addition to the only previous data set
[26] within a large energy range, but showing a less usual
behavior below ~18 MeV (Fig. 18). This behavior is con-
firmed by the present new data in the limit of 20 uncertainty,
except at the incident energies below 10 MeV, while it is
found for the isomer cross section, too. A model analy-
sis becomes thus mandatory for correct insight into this
reaction.

Actually it is just the above-discussed (d,t) reaction
on *Zr [Figs. 18(b) and 18(d)] which now gives the full
understanding of a break of the two excitation functions’
increase within several MeV above the threshold [Figs. 18(a)
and 18(c)]. Thus, the pickup reaction *°Zr(d, )¥Zr" has

—
T
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FIG. 20. As in Fig. 12 but for °*Y activation.
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the major contribution to both excitation functions below
18-20 MeV, while at higher energies it is again much lower
than, first, PE 4+ CN and then BF components.

On the other hand, its effect is so much larger in compar-
ison to *Zr activation due to the major abundance of *°Zr.
Consequently, the only PE + CN contributions of the other
91927y isotopes are effective well above either 20 MeV for
87r or especially 30 MeV for 3°Zr™ activation [Figs. 18(a)
and 18(c)]. This increased limit for the isomer underlines
the usefulness of its present cross-section measurement.
Meanwhile, the arrows indicating the *°Zr(d, 1) %°Zr reaction
threshold in Figs. 18(c) and 18(d) support the cross sections
below 12 MeV measured in this work, at variance with the
former data [26] but leading to a better agreement for the
presently calculated values. The suitable description of %Zr
activation validates the present DR + BU + PE + CN ap-
proach of deuteron interactions, and provides also the grounds
of the TENDL [22] underestimation of the low energy range
due to lack of due consideration of the pickup (d, ¢) reaction.

4. "Zr(d, xnp) ¥ Zr

The analysis of 87r (T 2 =83.4 d) activation should
take into account also the contributing decay of the short-
lived *¥Nb residual nucleus (77, = 7.78 min) that makes
possible only the measurement of a cumulative population
for the former nucleus. The additional activation of *¥Nb
is shown distinctly for the isotopes **°'Zr in Figs. 19(b)
and 19(c), the contribution of *Zr to the cross section of
the " Zr(d, xnp) ¥Zr reaction [Fig. 19(a)] being negligible.
However, this additional 3Nb activation is obviously much

lower than even the BF enhancement by breakup nucleons
through, e.g., (n, 3n) and (p, 2n) reactions in the case of the
most abundant isotope *°Zr, which in turn is yet an order of
magnitude below the PE + CN component.

Overall, the 38Zr activation by deuterons on "*Zr fol-
lows actually the PE 4 CN statistical (d, 3np) reaction on
07r. Nevertheless, the good agreement of experimental and
calculated excitation functions shown in Fig. 19 proves the
whole theoretical framework of the present analysis because
the PE + CN component has already been corrected for the
DR + BU deuteron-flux decrease.

C. "'Zr(d, xn2p)**3°Y reactions
1. "Zr(d, xn2p)**Y

The measured "Zr(d, xn2p) **Y excitation function is re-
ported for the first time in this work, while there are no
data also for deuteron-induced reactions on the two heavier
94.967r isotopes which contribute to **Y activation through
(d,2p) and (d, 2n2p) reactions, respectively. However, its
analysis proved really interesting due to less usual DR and BF
contributions in addition to the common PE + CN reaction
mechanisms.

First, the sharp increase of the pickup (d, o) excitation
function on *°Zr in Fig. 20(c), despite being the smallest DR
process (Fig. 5), exceeds the PE 4 CN contribution at incident
energies below ~10 MeV. Actually, it makes the difference
between the present calculations and TENDL evaluation that
only accounts for the latter process. Then, similar results are
provided for a second maximum due to sequential nucleon
evaporation above the incident energy of 30 MeV. On the other
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hand, even at the higher energies there is an additional com-
ponent brought by the BF enhancement of breakup nucleons
through *°Zr(n, 2np) **Y and *°Zr(p, n2p) °*Y reactions.

Also a BF enhancement due to breakup neutrons through
the **Zr(n, p) °*Y reaction exceeds by three times the PE +
CN component of the reaction **Zr(d, 2p)°*Y and rather
similar TENDL-2019 predictions [Fig. 20(b)]. This result is
essential for the analysis of deuteron interactions with struc-
tural materials due to the additional hydrogen accumulation
coming mostly from breakup-nucleon-induced reactions.

Lastly, the largest **Y activation corresponds to the pickup
(d, @) reaction on *°Zr below 10 MeV, and BF enhancement
through (n, p) reaction on **Zr above 30 MeV [Fig. 20(a)].
The former component in addition to the corresponding PE +
CN provides calculated cross sections in good agreement with
the present new data, in support of the actual BF 4+ DR +
PE + CN model assessment.

2. ™'Zr(d, xn2p)*'Y"

The " Zr(d, xn2p)°' Y™ excitation function has also been
measured for the first time in the present work [Fig. 21(a)]
while no similar measurement exists for incident deuterons on
the stable isotopes °!+92°4%Zr. Among them, a contribution to
the case of natural Zr at energies of the present measurement
can have only (d, na) reaction on **Zr, corresponding to the

first maximum of the (d, 3n2p) reaction [Fig. 21(d)]. It is
given by the PE + CN statistical emission while at the higher
energies of the sequential nucleon emission there is a minor
addition of the BF enhancement by breakup protons through
the (p, o) reaction.

A good account of these data is shown by the present
model calculations as well as by TENDL-2019 predictions
[Fig. 21(a)]. The latter calculated curve becomes significantly
lower above ~18 MeV due to missing the BF enhancement
particularly for the dominant contribution of (d, n2p) on the
927r isotope [Fig. 21(c)]. One may also note the contribu-
tion of the *'Zr(d,2p)°' Y™ process [Fig. 21(b)], strongly
enhanced by breakup neutrons through the (n, p) reaction in a
similar way to the above-discussed case of **Y activation.

3. ™Zr(d, xn2p)*"Y"

The "Zr(d, xn2p) *°Y" activation has also been measured
for the first time at the lower energies of the present work
[Fig. 21(f)] while no other measurement exists for it on the
stable isotopes **?1:92:947rContributions of various reactions
on these isotopes to *Y” activation are quite similar to the
above-discussed °'Y™, with the difference that now only the
(d, o) reaction on **Zr contributes in the energy range of
the (d, 2n2p) reaction first maximum, of the present mea-
surement. A minor addition to the main PE + CN «-particle
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statistical emission belongs to the DR pickup reaction mecha-
nism [Fig. 21(i)]. It becomes negligible at the higher energies
of the sequential nucleon emission, even in comparison to the
BF enhancement by breakup nucleons.

Another similarity with °'Y™ activation concerns the
(d,2p) reaction, now on the most abundant isotope 07
[Fig. 21(g)]. It is again strongly enhanced by breakup neutrons
through the (n, p) reaction pointed out formerly for **y and
oly™ activation.

Thus, the final agreement of the newl measured data with
presently calculated cross sections is entirely due to the (d, o)
reaction on *?Zr, despite its slight role above ~15 MeV, and
also the (d, 2p) reaction on *°Zr above this energy. Contribu-
tions of the (d, 2na) reaction on **Zr become also important
at even higher energies [Fig. 21(j)], before the correspond-
ing sequential nucleon emission, as do contributions of the
(d, n2p) reaction on Nzr [Fig. 21(g)]. The %7;r isotope con-
tribution is negligible in comparison with the other stable
isotopes. The better account of the earlier data [25] at these
energies, with reference to TENDL-2019 evaluation, may
underline again the importance of the BF enhancement in-
creasing especially the (d, 2p) reaction and thus the hydrogen
yield.

On the other hand, the overprediction of the measured cross
sections below 10 MeV [Fig. 21(f)] by the (d, o) calculated
results may result from (e.g., [84]) an eventual too large
a-particle emission corresponding to the OMP [82]. This po-
tential has particularly been used in the present work due to its
derivation just for emission of « particles from excited nuclei,
while the issue of distinct OMPs for incident and emitted o
particles could be resolved in the mass range A ~ 90 [84].

4. "Zr(d, xn2p) ¥y

The " Zr(d, xn2p) #Y activation cross sections measured
in the present work, with a really improved accuracy, agree
with the previous data within quite larger limits of these data
[40] [Fig. 21(k)], while a couple of them extended for two of
the three isotopes **°!*2Zr are able to contribute to "Zr acti-
vation. The above-mentioned similarity concerning «-particle
emission before the corresponding sequential nucleon emis-
sion is present in this case, too. However, this 88y activation
follows the (d, o) reaction on the most abundant isotope 07r,
at the energies of the (d, 2n2p) reaction first maximum as well
as of the present measurement [Fig. 21(1)]. Moreover, it is in-
creased by not only the main PE 4 CN statistical emission but

also a DR pickup reaction contribution, becoming negligible
at the higher energies even vs the BF enhancement by breakup
nucleons [Fig. 21(1)].

There is, too, a contribution of the (d, na ) reaction on N7y,
at the energies of the (d, 3n2p) reaction first maximum before
the corresponding sequential nucleon emission [Fig. 21(m)].
The two different particle-emission sequences are less distinct
because of a BF enhancement that reaches a first maximum
just in between their top values. The same applies to the
(d, 2na) reaction on *?Zr, at the energies of the (d, 4n2p)
reaction first maximum [Fig. 21(n)].

Consequently, the final picture of the 3%y activation for
deuterons on "™ Zr has, between 10-20 MeV, not a “shoulder”
of 0.5-2 mb but rather a constant value of ~10 mb up to
~30 MeV. This trend is fully consistent with the measured
cross sections, again except for an overprediction of several
data points below the incident energy of 10 MeV. The same
cause for this variance of measured and calculated (d, na)
reaction data, with reference to the «-particle OMP [82],
could apply. On the other hand, an earlier data set for the
(d, 3n2p) reaction on °'Zr has a quite different trend than both
present calculation results and the TENDL-2019 evaluation
[Fig. 21(m)]. Additional measurement seems necessary.

5. " Zr(d, xn2p) Y™ Emte

The activation cross sections measured in the present work
for the ground state (%_, Ti» = 79.8 h), isomeric state (g+,
Ti/» = 13.37 h), and whole *’Y are in good agreement with
the previous data [25,26,40], while their quite improved ac-
curacy provides a better view of these excitation functions
especially just above their effective threshold [Figs. 22(a),
22(e), 22(i)]. One may note the missing data for deuterons
incident on the **°!-2Zr isotopes which may contribute to 87y
activation for natural Zr.

The model analysis of **°!*2Zr contributions to Zr cross
sections has shown that PE + CN statistical emission is
the dominant process [Figs. 22(b)-22(d), 22(f)-22(h), 22(j)—
22(D)]. As for the heavier Y isotopes, the related excitation
functions have a first maximum corresponding to the reac-
tion channel (d, xna) and, following a minimum, a further
increase due to the sequential nucleon emission. Despite an
obviously lower level, the BF enhancements by breakup nu-
cleons get significant values just at incident energies between
these components of (d, xna) reactions, making less apparent
the related minimum.
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On the other hand, the most abundant isotope *°Zr has
by far the largest contribution to the excitation functions for
natural Zr [Figs. 22(a), 22(e), 22(i)]. First, note the good
agreement of the presently calculated and measured 87Y ac-
tivation [Fig. 22(i)], which validates the correctness of the
involved model framework. Moreover, the better data agree-
ment above ~20 MeV, with reference to the TENDL-2019
evaluation, may support particularly the whole present BU
approach. At the same time, a similar account of the 37y”8
data has been obtained by using a normalization factor of
0.25 for the spin cutoff parameter of the residual nucleus
87y [Figs. 22(a) and 22(e)]. Note that this factor value is
at variance with, e.g., the value of 0.75 for the spin cutoff
parameter of the residual nucleus >*Mn [7]. The two distinct
values of this factor correspond not only to different mass

ranges but also dissimilar g.s./isomer spins, i.e. %_ and %+ in
the present case vs 27 and 6™ in the latter one. Nevertheless,
further moment-of-inertia analysis [83,88-91] as well as new
measurements of isomeric-ratio excitation functions would be
helpful.

An issue that should be considered, too, is the decay of
the residual nucleus ¥Zr (Ti2 = 1.68 h) almost totally to
the isomeric state of 37y [92]. Becauseonly the measure-
ment of a cumulative activation of the isomeric states of
87y™ and 37y nuclei has been possible, the calculated results
corresponding to **°192Zr(d, xnp) ¥ Zr have been used for
assessment of these cumulative cross sections [Figs. 22(a)—
(d) and 22(i)—()]. Activation of %’Zr following sequential
emission of also five nucleons, with one neutron replac-
ing a proton but no clusterization effect, becomes even
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larger than the straight one of 87Y above an incident energy
of ~47 MeV. Therefore, conclusions of the present com-
parison with the data available below this energy remain
unchanged.

6. "Zr(d, xn2p) %y

Every comment concerning 87Y activation applies equally
well to the case of %Y except for an excitation functions
shift to higher energies, related to emission of an additional
neutron, and no cumulative effect (Fig. 23).

Finally, it is noteworthy that discussion of (d, xn2p)
reactions concerns a most important issue of the nuclear
engineering design of international projects such as ITER
[10] and DEMO [17], namely the H and He gas accumu-
lation in their structural materials. Its correct assessment
demands a thoroughgoing consideration of both deuteron and
breakup-nucleon-induced reactions, experimentally as well as
by consistent model analysis.

V. CONCLUSIONS

The activation cross
Of 90,9Im,92m,94m,95m,95g,96,97Nb’

sections for  production
89m,89,95,97 7, and
87m.87¢.87.88,90m.91m.94y nuclei in deuteron-induced reactions
on natural Zr were measured at deuteron energies up to
20 MeV. The "Zr(d,x)**™'Nb, "'Zr(d,x)¥"Zr, and
natzre(d, x)°"94Y excitation functions have been measured
for the first time, enriching the deuteron database as strongly
requested by large-scale research projects [10—12]. Moreover,
the new measurements have been quite useful for validation of
direct interactions modeling, stressing their role in description
of the deuteron-induced reactions. The other measured data
reported in the present work support furthermore the previous
data [25-28,40,85,86] but with much increased accuracy.

The whole systematics of the activation data within
deuteron-induced reactions on "Zr, at incident energies up
to 60 MeV, is summarized in Fig. 24 and compared with
TENDL-2019 evaluation [22] and the model calculations car-
ried out within present work. Each excitation function has
been described through a unitary and consistent analysis of
all reaction mechanisms involved in the complex deuteron
interaction process, €.g., elastic scattering, breakup, stripping,
pickup, preequilibrium, and compound nucleus. The detailed
theoretical treatment of each reaction mechanism has thus
been proved necessary to obtain a reliable understanding of
the interaction process as well as accurate values of calculated
deuteron activation cross sections.

The theoretical framework has been supported by compar-
ison of the experimental data with the present calculations
as well as the corresponding TENDL-2019 evaluation [22].
Distinct discrepancies can be obviously related to the com-
plexity of the interaction process, not entirely accounted for in
routine evaluation/theoretical analyses. As shown in Sec. IV,
most of them are due to overlooking the deuteron inelastic-
breakup enhancement and appropriate treatment of stripping
and pickup processes. This comparative analysis of exper-
imental data, evaluations, and model calculations stresses
the weak points and consequently the need for theoretical
framework /evaluation upgrade, as well as requirements for
new measurements.

The consistent theoretical approach to the deuteron in-
teractions, supported by advanced codes associated with
the nuclear reaction mechanisms, provides not only the de-
scription of data, but especially predictability. While actual
applications have yet to involve deuteron-data fit, e.g., by
various-order genuine Padé approximations for high-priority
elements [18,19,50], the related predictive power remains low.
Conversely, update of the theoretical framework of deuteron-
nucleus interaction will improve the evaluation predictions
for target nuclei and incident energies where data are still
missing, but strongly requested by engineering design projects
[10-12].

However, increased attention should be paid to theoret-
ical description of the breakup mechanism, including its
inelastic component, in order to bring it to the level of
the current theoretical models for stripping, pickup, preequi-
librium emission, and compound-nucleus mechanisms. The
continuous interest in the breakup theoretical analysis, e.g.,
[93-97], could provide improved deuteron-breakup empiri-
cal parametrization and, thus, more accurate activation cross
sections. On the other hand, this improvement requires, first,
an overall increase of the deuteron-data basis energy range
to ~40 MeV [12] and, second, also complementary mea-
surements of (d, px) and (n, x) as well as (d, nx) and (p, x)
reaction cross sections for the same target nucleus, within
corresponding incident-energy ranges.
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