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Abstract. The p nucleus 92Mo is believed to be mainly produced through photodisintegration reactions in type

II supernovae. However, this production scenario cannot solely account for the observed solar relative isotopic

abundance of 92Mo. Additional production scenarios have been suggested to explain this discrepancy. One of

these scenarios could be the production of 92Mo in type Ia supernovae via a chain of proton-capture reactions. To

verify this scenario, an accurate knowledge of the involved reaction rates is important. We measured the cross

section of 90Zr(p,γ) reaction using an enriched 90Zr target by means of in-beam γ-ray spectroscopy in the energy

range between 3.6MeV and 5.1MeV. Since the reactions 90Zr(p,γ) and 91Zr(p,n) produce the same nucleus, the

contributions of both reactions have to be disentangled. This procedure is explained in this contribution in

detail.

1 Introduction
The elements heavier than iron are mainly produced by

neutron-capture reactions within the s and r processes

[1, 2]. Even so there are about 35 isotopes, called the p
nuclei, that are shielded from the s and r processes by sta-

ble or long lived isotopes which have to be produced by

other processes [3]. These nuclei are believed to be pro-

duced by a number of processes including the so-called γ
process [4]. While the relative abundances of most p nu-

clei can be explained by the γ process, it cannot explain

the high isotopic abundance of I% = 14.84% of the p nu-

cleus 92Mo [5]. Depending on the network calculations,

the prediction for the production of 92Mo is more than one

magnitude below the expected value. To explain this dis-

crepancy, an additional production mechanism in type Ia

supernovae was proposed [6, 7]. 92Mo is produced via

a chain of proton-capture reactions including the reaction
90Zr(p,γ). The in-beam γ-ray spectroscopy technique was

used to measure the corresponding cross section.

2 In-beam γ-ray spectroscopy of 90Zr
The radiative proton-capture cross section of 90Zr was

measured using high-resolution in-beam γ-ray spec-

troscopy. In order to determine the production cross sec-

tion for an energy level i in 91Nb, the γ-yield for all transi-

tions feeding level i has to be determined. Since 91Nb has

an isomeric state at 104.62 keV [8], the total cross section

for the reaction 90Zr(p,γ) can be obtained by summing up

all transitions feeding the ground and isomeric state (ex-

cept the transition from the isomeric state to the ground

state).
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The target was enriched to 97.65(10)% in 90Zr. It con-

tained 0.96(5)% of 91Zr. Above a proton energy of 2MeV

[8], the reactions 90Zr(p,γ) and 91Zr(p,n) produce 91Nb nu-

clei. In order to disentangle the contribution of these re-

actions, a second target with different enrichments (90Zr:

5.99(10)%, 91Zr: 89.20(10)%) was investigated at each

proton energy. All emitted photons in an in-beam experi-

ment follow an angular distribution. In order to obtain the

number of γ-rays emitted in 4π, the γ-yield was measured

at five angles ϑ relative to the proton-beam axis.

3 Disentangling the contributions of the
reactions 90Zr(p,γ) and 91Zr(p,n)

The measured counts N j→i
pγ+pn(ϑ) for a transition from en-

ergy level j to energy level i in 91Nb, containing contribu-

tions from the reactions 90Zr(p,γ) and 91Zr(p,n) is given by

the expression:

N j→i
pγ+pn(ϑ) = N j→i

pγ (ϑ) + N j→i
pn (ϑ)

= (σ
j→i
pγ W j→i

pγ (ϑ)I1pγ + σ
j→i
pn W j→i

pn (ϑ)I1pn)εγ(E)mTNp

= (σ
j→i
pγ (ϑ)I1pγ + σ

j→i
pn (ϑ)I1pn)εγ(E)mTNp (1)

W j→i
pγ (ϑ)/W j→i

pn (ϑ): angular distribution

σ
j→i
pγ /σ

j→i
pn : cross section of the transition j→i

I1pγ/I
1
pn: relative isotopic abundance of 90Zr and 91Zr

εγ(E): detector efficiency

mT: area density of the Zr target.

Since this equation contains two unknown parameters,

σ
j→i
pγ (ϑ) = σ

j→i
pγ W j→i

pγ (ϑ) and σ
j→i
pn (ϑ) = σ

j→i
pn W j→i

pn (ϑ),

the cross section for the transition σ
j→i
pγ (ϑ) cannot be
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Figure 1. Two targets with different enrichments were mea-

sured. The efficiency-corrected γ-yields are depicted in 90Zr and
91Zr, respectively. The angular distribution differs exceedingly

between both targets due to different entry states of the reactions.

obtained from one measurement alone. For this reason, a

second target with different enrichments I2pγ and I2pn was

measured. The observed γ-yields for the transition from

the seventh excited state of 91Nb to the ground state with

a γ-ray energy Eγ = 1790 keV are shown for both targets

in Fig. 1. The angular distribution varies vastly between

both targets due to the population of different entry states

of both reaction resulting from their different Q-values.

Using Eq. (1) for both measurements, an equation for

σ
j→i
pγ (ϑ) can be derived for all observed transitions:

σ
j→i
pγ (ϑ) =

Nx→i,1
pγ+pn(ϑ)

εγm1
T N1

p

− N j→i,2
pγ+pn(ϑ)I1pn
εγm2

T N2
p I2pn

/

⎛⎜⎜⎜⎜⎜⎝I1pγ − I2pγ
I2pn

I1pn

⎞⎟⎟⎟⎟⎟⎠ . (2)

Equation (2) was used to obtain the contribution

σ
j→i
pγ (ϑ) of the reaction 90Zr(p,γ) for all transitions. Figure

2 shows the result again for the transition from the sev-

enth excited state of 91Nb to the ground state. The cross

section σ7→0
pγ can be obtained by fitting a sum of Legendre

polynomials:

σ7→0
pγ (ϑ) = σ7→0

pγ W7→0
pγ (ϑ)

= σ7→0
pγ

⎡⎢⎢⎢⎢⎢⎣1 +
∑

k

αkPk(cosϑ)

⎤⎥⎥⎥⎥⎥⎦ (k = 2, 4...) (3)

to the data to account for the angular distribution W7→0
pγ (ϑ)

of the emitted γ-rays [9]. The maximum value of k de-

pends on the multipolarity of the γ-rays. Electromagnetic

transitions in atomic nuclei are generally dominated by

dipole and quadrupole transitions, hence, k= 4 was chosen

as maximum value for k. It can be shown that the integral

of W7→0
pγ (ϑ) over the whole solid angle is one. Therefore,

the equation

σ7→0
pγ = σ

7→0
pγ

π∫
0

[1 + α2P2(cosϑ) + α4P4(cosϑ)] dϑ

︸���������������������������������������������︷︷���������������������������������������������︸
=1

(4)

yields σ7→0
pγ . Fig. 2 shows the result for this fit to the data.

This method was used for all transitions with contributions

of both reactions.

The total cross sections for all measured proton ener-

gies are shown in the contribution of A. Endres et al. in

this volume.
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Figure 2. The contribution of the reaction 90Zr(p,γ) for the tran-

sition σ7→0
pγ from the seventh excited state to the ground state was

calculated using Eq. (2). Fitting the data by a sum of Legendre

polynomials yields the cross section for the transition.
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