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Abstract. The synthesis of heavy, proton rich isotopes is a poorly understood

astrophysical process. Thermonuclear (type Ia) supernova explosions are among the

suggested sites and the abundance of some isotopes present in the early solar system

may be used to test the models. 92Nb is such an isotope and one of the reactions

playing a role in its synthesis is 91Zr(p,γ)92Nb. As no experimental cross sections

were available for this reaction so far, nucleosynthesis models had to solely rely on

theoretical calculations. In the present work the cross section of 91Zr(p,γ)92mNb

has been measured at astrophysical energies by activation. The results excellently

confirm the predictions of cross sections and reaction rates for 91Zr(p,γ)92Nb, as used

in astrophysical simulations.
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1. Introduction

The proton rich stable isotopes of chemical elements heavier than iron represent a special

category in nuclear astrophysics. As opposed to the more neutron rich species, these

so-called p-nuclei between about 74Se and 196Hg are not synthesized via neutron capture

http://arxiv.org/submit/3894173/pdf
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reactions in the astrophysical s- and r-processes [1, 2]. Several possible astrophysical sites

and mechanisms (like γ-, rp-, ν- or νp-processes) are considered which could contribute

to their production, summarized under the name p-process [3, 4].

Processes in different astrophysical conditions are indeed needed as no single

model has been found yet which could reproduce the abundances of all the p-isotopes

observed in the solar system. Thermonuclear (type Ia [5]) as well as core collapse

(CCSN [6]) supernovae have been extensively studied as possible sites for the p-process.

Nevertheless, the reproduction of the observed p-isotope abundances by the models

remains poor, especially in some specific mass regions. One particularly important

mass region is around 92Mo where the isotopes are notoriously underproduced by the

models.
92Nb, the long-lived (t1/2=3.47·107 years) radioactive isobar of 92Mo has additional

importance as its abundance at the time of the solar system formation can be inferred

from the isotopic ratio measurement of primitive meteorites [7]. In 1996 Harper [8]

found first evidence for live 92Nb in the early Solar System material by measuring a

small excess of 92Zr in rutile (TiO2) extracted from an iron meteorite. Different studies

of explosive nucleosynthesis tried to explain the observed abundance of meteoritic 92Nb

analyzing the possible astrophysical sites in core collapse or thermonuclear supernovae.

Despite many years of studies, its origin is still uncertain.

Whereas 93Nb is about 85% s-process and 15% r-process (from the original

predictions by Arlandini et al. [9] and Travaglio et al. [10]), 92Nb is an important isotope

since it is produced by the γ-process but is completely shielded from contributions from

rp-or νp-processes [11]. For this reason it can be particularly helpful to test models

of p-process nucleosynthesis. 92Nb is usually normalized to 92Mo because both are p-

process nuclides while 93Nb has an s-process origin (by the radiogenic decay of 93Zr).

The underproduction of 92Mo in the γ-process could, in principle, be compensated by

contributions of the rp-or νp-processes but this would lead to a too low 92Nb/92Mo ratio

at Solar System birth (as discussed in [11]).

In SNIa models, theoretical estimates for the ratio 92Nb/92Mo have been presented

by Travaglio et al. [5]. These authors analyzed in detail the production of 92Nb (and

also the other radioactive p-nucleus 146Sm) in SNIa using multidimensional models and

concluded that such an origin is plausible for both radionuclides.

More recently, Nishimura et al. [12], investigating the same model presented by [5],

found that the uncertainties stemming from uncertainties in the astrophysical reaction

rates are small compared to the uncertainties arising from the choice of site, explosion

model, and numerical treatment of the explosion hydrodynamics, giving more strength

to the first result published in 2014 [5].

Regarding CCSNe, the first analysis of the possible origin of 92Nb in CCSNe has

been presented by [13]. These authors concluded that 92Nb can possibly form in

these stars within experimental error, referring to uncertainties in the measurements

of the ratio 92Nb/93Nb extracted from the Earth as well as to the estimated lifetime

uncertainties of 92Nb.
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This old work has been updated by different authors over the years, see [14] for

a review. Rauscher et al. [14] also demonstrated that with their models they can

reproduce the Solar System 92Nb/92Mo ratio but, at the same time, they underproduce

the amount of 92Mo present in cosmic abundances. They concluded that CCSNe are

unlikely contributors to p-process nuclides in the Mo–Ru mass region.

More recently, Hayakawa et al. [15] presented new calculations in CCSNe which

demonstrated a novel origin for 92Nb via neutrino-induced reactions. Their calculations

showed that the observed ratio of 92Nb/93Nb ≈ 10−5 can be explained by this process.

Nevertheless, the authors did not consider the production of the others Mo–Ru isotopes

(neither the other p-isotopes) in the same process/stellar source.

For an updated discussion about the possible stellar sources of 92Nb (and 146Sm)

in SNIa and/or CCSNe, see the overview of Lugaro et al. [16].

The above summarized importance of 92Nb necessitates the good nuclear physics

knowledge of reactions producing or destroying 92Nb in order to reduce as much as

possible the nuclear uncertainties of astrophysical models. Namely, the rates of reactions

(calculated from the cross section) must be known at the relevant stellar temperatures.

In ref. [17] (see their figure 5) it has been shown that most of the production of 92Nb

takes place at a temperature around T = 2.5− 2.7 GK, where 20Ne burning occurs.

The production of 92Nb is governed by the destruction of 93Nb and 92Zr seeds.

It also gets some indirect contributions from 91,94,96Zr via 92Zr. The nuclide 92Nb

is mainly destroyed by the reaction 92Nb(γ,n)91Nb, while three reactions produce it,
93Nb(γ,n)92Nb, 92Zr(p,n)92Nb and 91Zr(p,γ)92Nb.

While the experimental study of γ-induced reactions is technically very hard

(and does not even provide the necessary astrophysical reaction rate, see e.g. [18]),

proton-induced reactions can be measured more easily. The measured cross section of
92Zr(p,n)92Nb is available in the literature [19], for the 91Zr(p,γ)92Nb, however, there

is no experimental data at all. Therefore, the aim of the present work was to measure

this cross section in the energy range (Gamow-window [20]) relevant for the p-process

nucleosynthesis. The Gamow-window for this reaction at temperatures T = 2.5 − 2.7

GK cited above lies between about 1.5 and 2.8MeV.

In the same experiment we were also able to determine the cross sections of
96Zr(p,n)96Nb, see below for further details.

2. Experimental procedure

2.1. Investigated reactions

As outlined above, the primary aim of the present work was the study of the
91Zr(p,γ)92mNb reaction using the activation method [21]. The cross section was

determined based on the off-line detection of the γ-radiation following the β-decay of the

reaction product. The natural isotopic abundance of 91Zr is relatively high (11.22%),

therefore isotopically enriched material was not inevitable. Natural isotopic composition
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Table 1. Decay data of the reaction products. Only those γ-transitions are listed

which have been used for the analysis. The data are taken from [22, 23].

Isotope Half-life γ-energy Relative

[keV] γ-intensity [%]

92mNb 10.15± 0.02d 934.4 99.15± 0.04
96Nb 23.35± 0.05h 460.0 26.62± 0.19

568.9 58.0± 0.3

778.2 96.45± 0.22

1200.2 19.97± 0.10

target material was thus used which in principle allows the study of proton induced

reactions on other naturally occurring Zr isotopes.

Zr has five stable isotopes with mass numbers 90, 91, 92, 94 and 96. Proton

induced reactions on these isotopes often lead to radioactive Nb isotopes. However,

taking into account the half-lives of the reaction products and the relative intensities

of the emitted γ-radiation, the only other reaction channel which could be measured

was 96Zr(p,n)96Nb. Hence, in the present work the cross sections of 91Zr(p,γ)92mNb

and 96Zr(p,n)96Nb are presented. Table 1 shows the relavant decay parameters of the

reaction products populated in these reactions.

It is worth noting that in the case of the 91Zr(p,γ)92Nb reaction only the partial

cross section section leading to the isomeric state of 92Nb (denoted as 92mNb) could be

measured as the ground state has too long half-life of 3.47·107 years. However, as it will

be shown in section 3 the total cross section is dominated by the measured partial one.

2.2. Target preparation and characterization

Thin Zr targets were prepared by electron beam evaporation of natural isotopic

composition metallic Zr onto 6.5µm thick Al foil backings. The first information about

the target thickness was obtained by weighing, the weight of the Al foil was measured

with 1µg accuracy before and after the evaporation. It was however observed that

during or after the evaporation, oxidation of the Zr layer occurs, and thus weighing

does not provide precise information about the effective target thickness.

Two other techniques were therefore applied to determine the number of Zr

atoms in the target, which is the relevant quantity for the cross section calculation.

Rutherford Backscattering Spectrometry (RBS) and Particle Induced X-ray Emission

(PIXE) methods were used. Both experiments were carried out at the microbeam setup

on the 5MV Van de Graaff accelerator of ATOMKI [24]. Further details of the setup

and the measurements can be found in [21, 25, 26]. Shortly, the RBS measurement

utilized a 1.6 or 2.0MeV α-beam and two particle detectors placed at backward angles

of 135 and 165 degrees. The obtained spectra were analyzed with the SIMNRA code

[27]. For the PIXE measurement the targets were bombarded by 2.0MeV protons and

the induced x-rays were detected by two detectors, a silicon drift x-ray detector (SDD)
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Figure 1. RBS (left panel) and PIXE (right panel) spectra measured for the target

thickness determination. Fits of the measured data are also shown and the various

components of the targets are indicated.

and a Gresham type Be windowed Si(Li) X-ray detector [28]. The PIXE spectra were

fitted using the GUPIX code [29] in order to obtain the Zr target thickness. Figure 1

shows two typical spectra measured with the RBS (left panel) and PIXE methods (right

panel).

The total (statistical and systematic) uncertainty of the RBS measurements was

about 6%. Due to some technical problems the uncertainty of the PIXE measurement

was larger, roughly 10%. In the case of targets where both techniques were used, the

results agreed within the uncertainty of the two methods. The final target thicknesses

and their uncertainties were obtained as the weighted average of the two methods, which,

owing to the difference in uncertainty, were dominated by the RBS result.

Altogether 16 targets were prepared and analyzed and 7 of them were used for

the cross section measurements in the present work‡. Their thicknesses range between

(0.8 – 1.5)·1018 Zr atoms/cm2 with an uncertainty of 5%.

2.3. Irradiation

The proton beam for the irradiation was provided by the Tandetron accelerator of

ATOMKI [30]. Based on a recent calibration [31], the exact energy of the proton

beam is known to a precision of better than 1 keV. The cross section was measured

in the proton energy range between 1450 and 2800 keV covering completely the Gamow

window for 91Zr(p,γ)92Nb at the relevant temperatures of the p-process. The target

chamber described e.g. in ref [32] was used. The chamber served as a Faraday cup

allowing the number of projectiles impinging on the target to be determined based

on charge measurement. The typical beam intensity was about 4-5µA. The charge

collected on the target was integrated and recorded in multichannel scaling mode with 1

min dwell time in order to take into account any variation in the beam intensity during

the activation. The total lengths of the irradiations varied between 5 and 48 hours.

‡ Some other Zr targets were used in a recent experiment on the 96Zr(α,n)99Mo reaction [25].



Measurement of the 91Zr(p,γ)92mNb cross section 6

0 200 400 600 800 1000 1200
1

5
10

50
100

500
1000

5000

569 keV

460 keV

co
un

ts
/c
ha

nn
el

E  [keV]

96Zr(p,n)96Nb
tw = 1 h
tc = 9 h

1200 keV
778 keV

(a)

0 200 400 600 800 1000 1200
10

50
100

500
1000

5000
10000

50000

co
un

ts
/c
ha

nn
el

E  [keV]

91Zr(p, )92Nb
tw = 5.2 d
tc = 7 d

934 keV

(b)

Figure 2. Typical γ-spectra measured 1 hour (left panel) and 5.2 days (right panel)

after irradiation for 9 hours and 7 days, respectively. The left spectrum was used for

the 96Zr(p,n)96Nb cross section evaluation while the right one for the 91Zr(p,γ)92mNb

reaction. The γ-peaks used for the analysis are indicated.

In most cases two targets, placed behind each other were irradiated in a single

activation in order to reduce the beam time requirement (hereafter referred to as front

and rear targets). The Zr layer and the 6.5µm thick Al foil backing of the front targets

caused energy losses in the range of about 100-200 keV before the beam reached the rear

target. See section 3 for the discussion about the related energy uncertainty.

2.4. Detection of the γ-radiation

After the irradiation the targets were removed from the chamber and taken to the off-

line counting setup. The γ-radiation following the β-decay of the reaction products was

measured with a 100% relative efficiency HPGe detector placed in a complete 4π lead

shielding of 10 cm thickness against laboratory background radiation.

Owing to the large half-life difference of the two studied reaction products (92mNb

and 96Nb, see table 1) the γ-counting of each target was separated into two periods.

About one hour after the irradiation the counting of one target started. Typically this

was the rear target as in this case the lower beam energy results in a lower cross section

and hence lower activity. This first measurement was carried out for about 24 hours.

Then the front target was counted, again for at least 24 hours. In this first period the

decay of 96Nb was measured for the 96Zr(p,n)96Nb cross section determination.

After these short counting periods, both targets were measured again, now for

several days. Depending on the activity of the samples, this second counting lasted

between 4 and 30 days. In this period the decay of 92mNb was measured for the
91Zr(p,γ)92mNb cross section determination. Typical γ-spectra recorded in the first

and second counting periods are shown in figure 2 where the peaks used for the cross

section determination are indicated, corresponding to transitions listed in table 1.

In order to obtain cross sections as low as possible at astrophysical energies, low

target activities had to be measured. For this reason the detection efficiency was
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maximized by using a close counting geometry. The targets were placed 1 cm far

from the entrance window of the detector end cap. In such a close geometry the true

coincidence summing effect makes the precise absolute efficiency determination difficult.

The two distances method, as described e.g. in ref [21] was therefore used. The detection

efficiency was measured with calibrated radioactive sources at far geometry, where the

summing effect is negligible. A strong source containing 92mNb and 96Nb was then

prepared by irradiating a Zr target with a high energy (Ep=4MeV) proton beam. This

strong source was measured at both far and close geometries and efficiency conversion

factors between the two geometries were determined for all studied transitions. The

uncertainty of the detection efficiency was 5% which contains the uncertainty of the

efficiency measured at far geometry and the uncertainty of the conversion factors.

3. Experimental results

The cross sections of the two studied reactions were measured in the proton energy

range between Ep=1.45 and 2.80MeV. The lowest studied energy was determined by

the strongly decreasing cross section. At Ep=1.45MeV only the 91Zr(p,γ)92mNb cross

section could be obtained, the yield from the 96Zr(p,n)96Nb reaction was too low. At

Ep=2.82MeV the 92Zr(p,n)92Nb reaction channel opens which leads to the production

of the same residual nucleus as 91Zr(p,γ)92Nb. With the activation technique these two

reactions cannot be distinguished and therefore the studied energy range was limited

below this reaction threshold.

Table 2 shows the measured cross sections for the two reactions. In the first column

the primary proton energies from the Tandetron accelerator are listed. Asterisks show

those cases where the cross section was determined on a rear target (see section 2.3).

The second and third columns contain the effective center-of-mass (c.m.) energy and

its uncertainty for the two reactions. The energy uncertainty does not correspond to

the whole energy range covered by the beam in the target. Instead it was calculated by

taking into account the uncertainties of the primary beam energy, the target thickness

and the stopping power values provided by the SRIM code [33]. In the case of rear

targets the energy loss of the beam in the front targets and its backing was also taken

into account for the uncertainty calculations.

In order to increase the reliability of the measured cross sections, several

measurements at the same energy were repeated with different targets. The results were

always consistent within the uncertainties, as it can be seen in the table by checking the

cross section values in adjacent rows corresponding to the same primary beam energy.

Another reason for the repeated energies was the behavior of the 91Zr(p,γ)92mNb cross

section. At the lowest energies the points show some fluctuation, they do not follow

a smooth curve. The repeated measurements prove that this is not an experimental

error but indeed the characteristics of the excitation function. The 96Zr(p,n)96Nb cross

section points do not exhibit such a fluctuation.
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Table 2. Measured cross section of the 91Zr(p,γ)92mNb and 96Zr(p,n)96Nb reactions.

Ebeam Eeff
c.m.

[keV] cross section [µbarn]

[keV] 91Zr(p,γ)92mNb 96Zr(p,n)96Nb 91Zr(p,γ)92mNb 96Zr(p,n)96Nb

1452.9 1434.3 ± 2.2 1435.1 ± 2.2 0.300 ± 0.063

1747.1∗ 1493 ± 23 1500 ± 23 0.446 ± 0.037 0.276 ± 0.037

1747.1∗ 1493 ± 23 1500 ± 23 0.451 ± 0.057 0.259 ± 0.092

1874.5∗ 1631 ± 22 1637 ± 22 0.973 ± 0.085 0.936 ± 0.090

1874.5∗ 1631 ± 22 1637 ± 22 0.893 ± 0.080 1.03 ± 0.13

1747.1 1725.1 ± 2.2 1726.1 ± 2.2 2.58 ± 0.22 2.14 ± 0.25

1747.1 1725.4 ± 2.1 1726.4 ± 2.1 2.78 ± 0.22 2.21 ± 0.22

1996.1∗ 1760 ± 21 1766 ± 21 3.02 ± 0.24 2.83 ± 0.24

1874.5 1851.3 ± 2.2 1852.3 ± 2.2 6.26 ± 0.50 5.55 ± 0.44

2096.1∗ 1867 ± 21 1872 ± 20 7.18 ± 0.56 6.03 ± 0.48

1996.1 1972.0 ± 2.1 1973.2 ± 2.1 15.3 ± 1.2 11.5 ± 0.9

2096.1 2070.7 ± 2.1 2071.9 ± 2.1 22.6 ± 1.7 20.0 ± 1.6

2394.2∗ 2180 ± 19 2184 ± 18 17.7 ± 1.4 38.5 ± 3.0

2394.2 2365.8 ± 2.1 2367.1 ± 2.1 19.3 ± 1.5 96.7 ± 7.6

2698.1∗ 2495 ± 17 2498 ± 17 26.2 ± 2.1 185 ± 14

2700.0∗ 2496 ± 17 2500 ± 17 28.2 ± 1.7 176 ± 14

2698.1 2666.6 ± 2.1 2668.1 ± 2.1 28.6 ± 2.2 362 ± 28

2700.0 2668.7 ± 2.1 2670.2 ± 2.1 29.1 ± 2.3 353 ± 27

2800.0 2767.7 ± 2.1 2769.3 ± 2.1 32.5 ± 2.6 502 ± 39

4. Discussion

Figure 3 shows a comparison of the experimental cross sections for 91Zr(p,γ)92mNb and

theoretical reaction cross sections for the reaction 91Zr(p,γ)92Nb. The data and the

calculations clearly show the competition cusp between 2 MeV and 2.2 MeV which is

caused by the opening of the (p,n) channel. The calculation with the default settings

of the SMARAGD code [34, 35] is in excellent agreement across the whole measured

energy range. The default prediction of the older NON-SMOKER code [36, 37] is in

excellent agreement with the data below the opening of the neutron channel and slightly

overestimates the cross sections above the channel opening. As shown in [38], the cross

section is sensitive only to the proton width below the channel opening because the

proton width is smaller than the γ width in that energy region. On the other hand, the

cross section is sensitive to neutron, proton, and γ width above the neutron threshold.

Assuming that the proton and neutron widths are predicted well (the neutron width is

computed with a similar approach as the proton width), test calculations showed that

a similar agreement as obtained with the SMARAGD code can be achieved by reducing

the γ width in the NON-SMOKER calculation.

Both predictions are for the reaction including transitions to the ground state and

excited states in 92Nb, whereas the experiment determines the cross section by following

the decay of the isomer 92mNb. In a cascade calculation with the SMARAGD code, the

γ-cascades during the de-excitation of populated excited states of 92Nb were followed
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Figure 3. Comparison of the experimental 91Zr(p,γ)92mNb cross sections with

theoretical values obtained with the default settings of the NON-SMOKER and

SMARAGD codes for 91Zr(p,γ)92Nb. As detailed in the text, the theoretical curves

are for the total, while the experimental data for the isomeric cross sections.

and added up. It was found that 98% of the de-excitations proceed through the isomer
92mNb. This means that the predicted cross sections shown in figure 3 have to be reduced

by only 2% for a direct comparison with the data. On the scale of figure 3, this is not

visible because it would be about the width of a line.

Most astrophysical simulations make use of the nuclear reaction rates published in

[37, 39], which are based on the NON-SMOKER calculations. Computing the reaction

rate for 91Zr(p,γ)92Nb with the SMARAGD values, a reduction of the rate by a factor

0.9 − 0.93 in the temperature range relevant for nucleosynthesis of the light p nuclides

is found. Due to the weak dependence of the 91Zr abundance on the 91Zr(p,γ) reaction,

such a small change will not affect the astrophysical results of [5]. It is possible to directly

constrain the astrophysical rate by this measurement because not only the contribution

of the 91Zr(p,γ)92mNb cross section to the total proton capture cross section of 91Zr is

large but also the stellar reaction rate is completely determined by reactions on the

ground state of 91Zr [38], i.e., the ground-state contribution to the stellar rate is 100%

for temperatures achieved during nucleosynthesis of the p nuclides [40].

Figure 4 shows a comparison of experimental and theoretical cross sections for
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Figure 4. Comparison of the experimental 96Zr(p,n)96Nb cross sections with

theoretical values obtained with the default settings of the NON-SMOKER and

SMARAGD codes.

96Zr(p,n)96Nb§. Both the NON-SMOKER and SMARAGD values are in good agreement

with the data across the measured energy range, with the SMARAGD values being

about 18% larger and in slightly better agreement with the data. This reaction has not

been identified as being of astrophysical interest but a confirmation of the predictions

is interesting from a nuclear physics point-of-view, nonetheless.

Although the measured cross sections agree well with the previous prediction, here

we also provide fits to the stellar reactivities derived from the SMARAGD calculation

for use in astrophysical simulations. Not only do the SMARAGD calculations better

reproduce the experimental data but also the fits are more accurate than the previous

ones. The resulting fit parameters are given in Table 3. Note that reactivities should

always be fitted in the direction of positive reaction Q-value to minimize numerical

inaccuracies, therefore we give the parameters for 96Nb(n,p)96Zr. The reactivity for the

reverse reaction can be derived as explained in [37].

§ As opposed to the 91Zr(p,γ)92Nb case, there are experimental cross section data for 96Zr(p,n)96Nb

in the literature. Most of the measurements were carried out at higher energies, only the data of B.D.

Kern et al. [41] overlaps in energy with the present work. However, B.D. Kern et al. measured only

partial cross sections to several states of the final nucleus and they did not report the total cross section.

Therefore, the direct comparison with the present data is not possible.
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Table 3. Fit parameters for the stellar reactivities of 91Zr(p,γ)92Nb and
96Nb(n,p)96Zr. The parameters follow the definition given in [37].

91Zr(p,γ)92Nb 96Nb(n,p)96Zr

a0 1.358905×102 −4.180968×101

a1 −9.303907 −3.610407×10−1

a2 3.030056×102 2.039908×101

a3 −4.587240×102 2.314798×101

a4 2.254880×101 −6.319860

a5 −1.198180 6.575093×10−1

a6 2.391198×102 1.254596×101

arev
0

1.586636×102 −3.924473×101

5. Conclusions

For the first time, we have measured the reaction cross sections of 91Zr(p,γ)92mNb and
96Zr(p,n)96Nb. It was feasible to measure directly in the astrophysically relevant energy

range by using the activation technique. Good agreement was found with the theoretical

cross sections used in astrophysical models so far. Our results confirm and strengthen

the astrophysical conclusions reached with those reaction models.
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