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Abstract

In this diploma thesis an investigation of the feasibility of 39K(γ, n) exper-

iments at the S-DALINAC for determination of the age of minerals is pre-

sented. The geometry and results of numerous simulations for qualitative

and quantitative predictions of 38Ar production from the 39K(γ, n) reaction

are given. The fully integrated particle physics Monte Carlo package FLUKA

was used for the simulations.

The simulation results permit an optimization of the experimental parame-

ters because accurate predictions for the importance of the photo-induced

reactions interfering with the production of 38Ar can be made. The accuracy

of qualitative predictions is tested and compared to the results of a prototype

experiment performed at the AERE, Harwell, accelerator. The beam time

for a probe irradiation is estimated .

A possible experimental setup for carrying out according experiments at

the superconducting Darmstadt electron linear accelerator S-DALINAC is

described.
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1 Introduction

Potassium is one of the most abundant elements in nature and is present in

sedimentary rocks. The existence of the primordial radioactive isotope 40K

allows geological age dating due to the decay of naturally occuring 40K to

stable 40Ar. Most of the literature on argon isotopes [1, 2] deals with the

measurement of 40Ar dating the age of rocks using so-called K-Ar technique.

The conventional K-Ar method of dating depends on the assumption that

the sample contained no argon at the time of its formation and that subse-

quently all radiogenic argon produced inside it was quantitatively retained

[1]. Minerals are dated by the measurement of the concentration of 40K and

the amount of radiogenic 40Ar that has been accumulated.

Argon is a noble gas. The main isotopes of argon in terrestrial systems are

40Ar (99.600%), 36Ar (0.337%), and 38Ar (0.063%). The isotope 40K has a

half-life of 1.277 ·109 years. The naturally occurring 40K decays to the stable

40Ar (10.679%) via electron capture and positron emission, and decays to

the stable 40Ca (89.280%) via β−-decay [3]. The decay scheme diagram is

shown in Fig. 1.

As mentioned above, 40K is widely distributed in nature and is present in

minerals that were formed in all geological environments - volcanic, sedimen-

tary etc. and this fact constitutes the main advantage of this method. But

the requirements for a successful K-Ar dating may under certain conditions

be violated. Because argon may be lost by diffusion even at temperatures

well below the melting point, K-Ar dates may, instead of the real age, rep-

resent the time elapsed since the sample has cooled down to the certain
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Figure 1: Decay scheme diagram for the branched decay of 40K to 40Ar via

electron capture and positron emission and to 40Ca via emission of negative

electrons [3].
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temperatures at which diffusion loss of argon is insignificant, thus leading

to an underestimation of the age. Under certain circumstances an excess of

radiogenic 40Ar might occur which would cause K-Ar dates to overestimate

the age. For example, when rock or lava cools down to a solid state from a

molten one it becomes, apart from the surface, essentially impermeable to

gases and any argon generated subsequently is retained in the rock, trapped

in the crystal lattice. What is measured as the ”age” of the rock then is the

length of time that had passed since it was molten.

The 40Ar/39Ar method of dating can overcome some of the limitations of

the conventional K-Ar method. This method of argon-argon dating [1, 4, 5]

is based on the formation of 39Ar as a result of the irradiation of K-bearing

samples with fast neutrons (typical through the 39K(n, p) reaction) using it

as an indirect measure of the potassium content of a mineral. The method

has the additional advantage that potassium and argon are determined on the

same sample and that only measurements of the isotopic ratios of argon are

required. The problem of inhomogeneity of samples and the need to measure

the absolute concentrations of potassium and argon are thus eliminated. It

is suitable even for small and precious samples.

But a number of workers have pointed out the existence of interfering reac-

tions in the method [6, 7] and proposed elaborate procedures for correcting

for produced ”interfering isotopes”, either by optimizing the irradiation para-

meters, or by the use of argon isotopic ratios measured in irradiated standard

minerals. The source of this difficulty lies in the fact that the threshold en-

ergies of the neutron induced reactions are low compared with the energy of

the fast neutrons required to generate 39Ar from the 39K(n, p) reaction [8].
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The maximum cross section for this reaction occurs for neutrons with energy

3 MeV. Another problem are probes with small grain size. There, the recoil

momentum of the produced 39Ar can be large enough to expel the produced

atom which then is lost because of its gaseous nature.

Thus, alternative methods, in particular to avoid the latter problem, are of

high interest. One possibility is the 39K(γ, n) reaction. The feasibility of such

an experiment has been demonstrated in a prototype experiment [9]. This

experiment is described below in Chapter 4.1. The purpose of the present

diploma thesis is to investigate the feasibility of such experiments using the

high-energy photon production setup existing at the S-DALINAC.

This thesis is divided into six chapters. The theoretical aspects are presented

in the Chapter 2. Chapter 3 focuses on the description of the FLUKA code

and it represents the results of simulation. The problem of the interfering

reactions is discussed in Chapter 4. Chapter 5 covers details of the possible

experiment at the S-DALINAC. The conclusion is given in Chapter 6.
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2 Theoretical Aspects

2.1 The 38Ar/40Ar Method

The reaction under investigation is

39K(γ, n)38K
β+

−→ 38Ar, (1)

in which 38K produced from 39K in a photoneutron reaction subsequently

decays to 38Ar via β+ emission with a half - life of 7.7 min, and all 38Ar is

available for a measurement within a few hours after the irradiation. The

threshold energy for the reaction is 13.1 MeV [10] and a resonant peak in the

photon absorption spectrum shown in Fig. 2 occurs at about 21 MeV with

a cross section of 25 mb. If one subtracts the (γ, np) partial cross section

indicated by the dashed line in Fig. 2 from the total representing the sum of

the 39K(γ, n) and (γ, np) reactions, a negligible cross section above around

25 MeV is found [11].

Thus, if a mineral sample of age t is irradiated with photons of energy in

excess of 13 MeV to determine age with the help of argon - argon method,

in the absence of interfering reactions that produce 38Ar, too, it will contain

after the irradiation [8] the amount of the photon-induced 38Ar

N(38Ar) = N(39K)∆T
∫

φ(E)σ(E)dE, (2)

with N(39K) - the number of atoms of 39K present in sample,

N(38Ar) - the number of 38Ar atoms produced by irradiation,
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Figure 2: Partial photoneutron cross sections [11] for 39K. The full line con-

nects experimental points for the sum of the 39K(γ, n) and (γ, np) reactions.

The dashed line presents a fit to values of the (γ, np) reaction.

φ(E) - the photon flux at energy E,

σ(E) - the cross section of 39K(γ, n)38K reaction at energy E,

∆T - the duration of the sample irradiation.

The integration is performed over all incident photon energies.

On the other hand the amount of the radiogenic 40Ar is given by

N(40Ar∗) =
λe

λe + λβ

N(40K)(et/τ − 1), (3)
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with N(40K) - the number of 40K atoms present in a sample,

N(40Ar∗) - the number of radiogenic argon in a sample,

λe = 0.584 × 10−10 yr−1 - the decay constant of 40K by K-electrons capture,

λβ = 4.72 × 10−10 yr−1 - the decay constant of 40K by β-emission,

τ - the mean life of 40K, given by

τ = (λe + λβ)−1. (4)

From Eqs. (3) and (2) one can deduce the ratio

N(40Ar∗)

N(38Ar)
=

N(40K)

N(39K)

λe

λe + λβ

1

∆T

(et/τ − 1)
∫

φ(E)σ(E)dE
. (5)

As for the 40Ar/39Ar dating method one defines an irradiation parameter J

J =
N(39K)

N(40K)

λe + λβ

λe

∆T
∫

φ(E)σ(E)dE, (6)

and according to Eq. (5) it follows that

J =
et/τ − 1

N(40Ar∗)/N(38Ar)
=

Q

N(40Ar∗)/N(38Ar)
, (7)

where

Q = et/τ − 1. (8)

From Eq. (7), J can be identified as being a function of the ratio 40Ar∗/38Ar

in a particular irradiated sample and its age t which can be deduced from

the potassium decay.
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In order to test the possibility of measuring isotopic ages using this procedure

it is necessary to irradiate a number of samples of known potassium-argon

ages, inserted into a sample holder at known positions between the samples

of unknown age, in the same photon flux and to determine the value of J for

each of them using Eq. (7). Then the J values are plotted as a function of

the position in the sample holder. The respective J values of the unknown

samples are obtained by interpolation of the resulting graph from their known

positions in the holder. The 40Ar∗/38Ar ratios of the unknown samples are

then used to calculate the age from

t = τ ln(
40Ar∗

38Ar
J + 1). (9)

Several different mineral concentrates have been employed as flux monitors.

Their ages must be accurately known because they are used for calculation

of the value J in the Eq. (7). An error in the age of the monitor propagates

therefore from Eq. (7) to Eq. (9) and results in a corresponding systematic

error in the calculated 40Ar/38Ar dates of the samples that were irradiated

together with that monitor.

Having determined from Eq. (7) the J value for the sample of a ”known” age

and knowing the ratio of 40Ar/38Ar in the sample under investigation one

can thus obtain its age using Eq. (9).

2.2 Bremsstrahlung: some Features

The most intense photon source available in the MeV range is

bremsstrahlung. Therefore, one must know how the photon spectrum re-
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sulting from the conversion of an electron beam into bremsstrahlung looks

like.

When a swiftly moving charged particle of mass m and charge z passes close

to a nucleus of charge Z, it experiences a Coulomb force proportional to z ·Z

and consequently undergoes an acceleration proportional to z · Z/m. Ac-

cording to classical physics, an accelerated charge radiates electromagnetic

energy at a rate proportional to z2 ·Z2/m2. The proportionality to the square

of the atomic number means that the energy losses by radiation should be

much more important in heavy elements than in light ones, while the inverse

proportionality to the square of mass implies that light particles should ra-

diate much more readily than the heavy ones. Consequently, radiation as an

energy loss mechanism is usually significant for electrons only. It is called

bremsstrahlung.

The bremsstrahlung energy spectrum extends from zero to the energy of

the initial electrons. The classical representation of the bremsstrahlung pro-

cess for electrons is as follows: an electron of the energy E0, moving in the

Coulomb field of the nucleus, can change its direction of motion. However,

since every change of the direction involves an acceleration, then according to

classical concepts of charge acceleration, it is probable that while in passing

a nucleus the electron will emit a quantum of energy Eγ and will drop to a

new state of the energy E. But since the nucleus in which field the photon is

emitted is considerably heavier than the electron, it can acquire, in principle,

any momentum transfer. As a consequence there is a probability that after

emitting a photon the electron can drop to any final state of the energy E,

as long as the law of energy conservation is conserved. In other words, the

12



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

10

30

40
90

E0 = 300 MeV

 

 

R
el

at
iv

e 
In

te
ns

ity

E
g
 / E0

Figure 3: Bremsstrahlung spectrum [12] for electrons of various energies on

platinum (Z=78), normalized to unity at Eγ = 0.

bremsstrahlung spectrum should be continuous over the range of photon en-

ergies from 0 to E0 −m0c
2 where m0 and c are the rest mass of the electron

and the speed of light, respectively [12]. Typical distributions for a number

of electron energies on platinum (Z=78) are shown in Fig. 3.

The average opening angle
−

θ of the emission cone of bremsstrahlung photons

at relativistic energies is given approximately by the well-known formula

−

θ ≈ mc2

E0

. (10)

After the quantum is emitted, the electron continues to move under a finite
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angle with respect to the initial direction.

As pointed out above, the rate of the energy loss by radiation is roughly

proportional to the square of the atomic number of the stopping material.

It also increases rapidly with energy, being negligible below 100 keV and

rising to values greater than the rate of energy loss by collisions at energies

between 10 and 100 MeV, depending on the material. In the relativistic limit

E0 ≫ 137mc2Z−1/3, where the screening of the nuclear charge by the atomic

electrons is complete, the rate of the energy loss is given by [13]

−
(

dE

dx

)

rad

= 4Z(Z + 1)r2
0nαE0 ln(183Z−1/3), (11)

where n is the number of target atoms per cm3, α is the fine structure constant

and r0 is the classical electron radius.

The energy Ec, at which the losses due to collisions and bremsstrahlung for

electrons are the same, that is

(

dEc

dx

)

rad

=

(

dEc

dx

)

coll

, (12)

is called ”critical energy”. Above this energy the radiation loss will dominate

over the collision-ionization losses. An approximate formula for Ec is given

by [14]

Ec =
800

Z + 1.24
[MeV ] . (13)

The ratio of the radiation loss to the collision loss at the energy Ec is ap-

proximately
(dE/dx)rad

(dE/dx)coll

≈ E0 · Z
1600 · mc2

. (14)

It can be seen from Eq. (14) that in graphite (Z=6) the radiation loss becomes
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comparable to the collision loss only at energies above 100 MeV, while in lead

(Z=82) these two are equal already at about 10 MeV.

Above the critical energy the electrons will lose their energy according to

E = E0 · exp
(

− L

Lrad

)

, (15)

where L is the travelled distance and Lrad is the radiation length. For quick

calculations, the following convenient expression for Lrad can be used [15]

Lrad =
716.4 · A

Z(Z + 1) ln
(

287/
√

Z
)

[

g

cm2

]

, (16)

where A is the mass number of the target.

Using the atomic model of Thomas and Fermi, Schiff [16] obtained the fol-

lowing expression for the bremsstrahlung cross section for full screening and

relativistic energies of the incident electrons

σγ(Eγ, θ)dEγdθ =
8Z(Z+1)r2

0

137
· dEγ

Eγ

· E0−Eγ

E0
· xdx

1+x2 ·
{[

E0

E0−Eγ

+ E0−Eγ

E0
− 4x2

(1+x2)2

]

· ln
(

2E0(E0−Eγ)
mc2Eγ

)

−

−1
2

[

E0

E0−Eγ

+ E0−Eγ

E0
+ 2 − 16x2

(1+x2)2

]}

.

(17)

Here, x = E0

mc2
· θ is the reduced photon emission angle. Note, however, that

Eq. (17) is accurate for infinitely thin targets only.

2.3 FLUKA: Modeling Photon Spectra

Atomic scattering in the radiator changes the trajectory of the electrons. As

discussed above, the resulting bremsstrahlung depends on the initial energy

E0 and the angle θ. Therefore, the interplay of those processes needs to be

15



taken into account which can only be realized using Monte Carlo techniques.

Furthermore, in Monte Carlo codes one can implement a realistic geometry

of the probe in order to obtain the impinging photon spectrum. One example

of such a code is FLUKA [17].

FLUKA is a fully integrated particle physics Monte-Carlo simulation pack-

age. This code originated from J. Ranft (CERN) at the beginning of the sev-

enties for simulating particle cascades (FLUKA is the abbreviation formed

from the German expression ”Fluktuierende Kaskade”). It has found many

applications in high energy experimental physics and engineering, shielding,

detector and telescope design, cosmic ray studies, dosimetry, medical physics

and radiobiology.

FLUKA calculates the transport and interaction of electrons, positrons and

photons by the Monte-Carlo method. The geometry, materials and their

properties, possible electric and magnetic fields are defined in an input file.

The simulation geometry is surrounded by a sufficiently large, all-absorbing

region, the so-called ”black hole”, which has an infinite absorption cross-

section, and all particles vanish when they reach it. Also, the primary par-

ticles properties are determined: particle type and energy, geometry and

position of the beam and the number of primary particles used.

During the simulation FLUKA tracks the further evolution of each primary

particle. At the time of interaction with the mentioned materials, primary

particles could be scattered elastically or inelastically or decay to other par-

ticles. It is possible to follow the secondary particles, emergent as a result

e.g. of electromagnetic cascades. The particle tracking is stopped when

16



- the particle energy decreases below a predefined energy minimum, when

the energy of the charged particles drops below the cut-off, the particles are

not stopped, but are transported in straight lines until they come to rest;

- the particle leaves the simulation volume and is absorbed by a ”black hole”

region.

When all particles in the electromagnetic cascade induced by the primary

particle were counted, FLUKA begins the simulation for the next one. At

the time of simulation it is possible to register events, that were prescribed

before, as for example, particle passage from one part of the volume to an-

other one etc. At the end of the simulation FLUKA gives out the so-called

”boundary-crossing flow” Nγ as a function of energy and solid angle, divided

into predefined bins. This quantity is determined as

Nγ =
N

Np∆E∆ΩAdet

, (18)

with N - amount of particles of certain kind that passed the corresponding

boundary in a certain direction,

Np - amount of primary particles,

∆E - energy bin width,

∆Ω - solid angle bin width,

Adet - effective surface of the detector.

The values of ∆E and Adet are assigned in the input file. The solid angle

value in the direction between incoming and outcoming particles is equal to

the half of the full solid angle, i.e. 2π.

17



2.4 Photoneutron Reactions

If a nucleus is bombarded with photons of energies above the particle thresh-

olds, it can absorb these γ - quanta and emit protons, neutrons and other

particles. Such processes are called photonuclear reactions. The reactions

(γ, n) and (γ, p) have been studied most of all. Depending on the mass num-

ber A, in the energy region of 10 - 25 MeV the photonuclear cross section has

a broad maximum with the width of 3 - 5 MeV [18], the so-called giant dipole

resonance. It occurs in almost all nuclei except for the lightest ones [19, 20].

It corresponds to the fundamental frequency for absorption of electric dipole

radiation by the nucleus acting as a whole, and is most simply understood as

the counter - oscillation of neutrons and protons with respect to each other

in the nucleus.

In Fig. 4 the general shape of the photoneutron-production cross sections

for a heavy nuclide (A > 60), where neutron emission dominates, is shown.

The giant dipole resonance rising to values around of 100 millibarns occurs

several MeV above the (γ, n) threshold. The total photonuclear cross section

falls off abruptly above the giant dipole resonance and then, according to [21]

rises slowly up to about half the resonance peak at 320 MeV. The GDR peak

is well approached by a Lorentz curve in spherical nuclei or a superposition

of two Lorentz curves in deformed ones.

The peak energy Em has been predicted by collective models of the GDR to

be proportional either A−1/3 or A−1/6 [19]. The A−1/3 dependence arises from

the concept that when displacement of the neutron and proton fluids occurs,

the restoring force is proportional to the density gradient of those fluids [22].

18
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Figure 4: Schematic illustration of photoneutron-production cross section,

showing qualitatively the contribution of (γ,n), (γ,2n),(γ,3n),(γ,4n) and

(γ,5n) processes [18].

The A−1/6 dependence of Em is based on the concept that the restoring force

is proportional to the nuclear surface area [22, 23]. Experimentally, one finds

that a combination Em ∼ A−1/3 + A−1/6 gives the best fit.

The (γ, 2n), (γ, 3n),... processes make appreciable contributions to the pho-

toneutron - production cross section above the corresponding thresholds. If

one assumes that, because of the Coulomb barrier, the cross sections for the

production of charged particles are much smaller than the cross sections for

neutron production, then one may interpret the curve shown in Fig. 4 as

19



the photon-capture cross section multiplied by the average number of neu-

trons emitted per event. These processes are unwanted for the application

discussed here and set an upper limit for the useful photon energy range.

20



3 FLUKA Simulations

3.1 Geometry and Parameters

The geometry selected for the simulations of the present problem is shown

in Fig. 5, where ©1 denotes the probe, ©2 is the gold target (radiator) and

©3 is the ”black hole” region.

Figure 5: Simulation geometry (schematic). ©1 - probe, ©2 - gold target,

©3 - ”black hole”.

The probe ©1 consists of potassium and is irradiated by a continuous

bremsstrahlung pencil-beam, which is produced by decelerating electrons in

a conversion target ©2 , called radiator. The electron energies used for the

simulation are 20, 25, 30 and 35 MeV. These values were chosen because

the thresholds of 39K(γ, n) and 40Ca(γ, np) reactions lie in this region. The

21



radiator is a disk with a radius of 0.1 cm and a thickness of t = 0.033 cm

which corresponds to 10% of the radiation length of gold. These parameters

are determined by the existing experimental setup.

The probe is a cube with a side length of 1 cm. The distance between the

radiator and the probe is 15 cm. This value is due to the experimental setup,

too. The number of test particles is 107 determined by the typical length of

time for a run of about 2 days.

3.2 Results

FLUKA allows to obtain the photon angular and energy distributions.

The number of energy bins can be set in the program. In our simulation

100 bins were chosen for the energy distribution and 1000 bins for the angular

one. Examples of energy and angular distributions for the 25 MeV electron

beam are shown in Figs. 6 and 7, respectively. The energy distribution allows

us to calculate the production rate of 38Ar atoms [see Fig. 9]. From the

angular distribution one can obtain the angle spreading for different beam

energies after passing through the radiator material (see Table 1).

The results for Nγ are always given as double differential distributions of the

flow [see Eq. (18)] per energy and solid angle (cm−2, GeV −1, sr−1 per incident

primary unit weight), even when only 1 interval (bin) has been requested.

Thus one must multiply each output value for normalization by the factor

AdetEoΩPn−1, where Adet is the effective surface of the detector (in cm2), E0

is the electron beam energy (in GeV), Ω is equal to 2π or 4π (depending on

whether one-way or two-way scoring has been requested), P is the number

22
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Figure 6: Example of the photon energy distribution obtained by means of

a FLUKA simulation.

of primary particles and n is the number of bins.

The 38Ar amount produced in the probe can be obtained from the following

expression

N(38Ar) = t
NA

A
ρ
∑

σNγ, (19)

where t is the probe thickness, NA is Avogadro’s number, ρ is the potassium

density, σ is the photoneutron cross section and Nγ is the flux of photons.

The amount of 38Ar atoms induced in the sample is given in Table 1 for

different electron energies. The calculations were made for a beam current of

10µA. The incident electron energy dependence of the 38Ar amount is shown
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Figure 7: Example of the photon angular distribution obtained by means of

a FLUKA simulation.

in the upper part of Fig. 8. It becomes apparent that a quadratic function

Y = B0 + B1X + B2X
2 provides a good approximation and can be used

for further interpolation. The parameters B0 = − 4.055, B1 = 0.0687 and

B2 = 0.0085 were used to produce the curve shown.

Also, the results for the most important interfering reaction 40Ca(γ, np),

discussed later in Chapter 4.3, are shown. The fit function is also quadratic

with parameters B0 = 3.486, B1 = − 0.296 and B2 = 0.00628.

Figure 9 displays the results of σNγ (production) for the simulation with a

30 MeV electron beam. The upper part represents the value of Nγ, the mid-
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Table 1: Yield Comparison for different Energies.

Energy σNγ Angular Spreading 38Ar Amount

(MeV) (mb/s) (sr) (degree) (atoms/s)

20 73733 0.0648 1.86 6.18 × 106

25 333850 0.2265 0.65 2.07 × 107

30 564465 0.0192 0.55 4.85 × 107

35 843860 0.01424 0.41 7.35 × 107

dle part shows the photoneutron cross section for 39K(γ, n) reaction which

was obtained by substracting the (γ, np) partial cross section from the total

representing the sum of the 39K(γ, n) and (γ, np) reactions, and the bottom

part displays the production value. The fluctuations in the photon spectra

are due to the limited statistics by using only 107 incident particles in the

FLUKA simulation. As one can see, despite the strong energy dependence

of the photon spectrum, the energy dependence of the production rate is

determined largely by the behavior of σ(Eγ).

3.3 Discussion

As it was calculated before [24] we should have 1013 atoms of 38Ar from 1 g of

38K for an experiment. Under existing conditions (e. g. beam current 10µA)

from Table 1 one can estimate that 5 days for the irradiation are necessary

at a beam energy of 25 MeV, 2 days at 30 MeV and approximately 36 hours

at 35 MeV. But using the 35 MeV electron beam one has a problem of the

interfering reactions [see Chapter 4.3].
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Figure 8: Energy dependence of the amount of 38Ar produced with the

39K(γ, n) reaction by the FLUKA simulation code. Results for the inter-

fering reaction 40Ca(γ, pn) are also shown. The solid curves are fits to the

data using a quadratic function with the parameters given in the text.
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Figure 9: The production value of 38Ar. The upper part shows the pho-

ton spectrum obtained by means of the FLUKA simulation.The middle part

presents the photoneutron cross section, and the bottom part the 38Ar pro-

duction rate σNγ. The results are for the simulation with a 30 MeV electron

beam, described in Chapter 3.1.
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4 Interfering Reactions

4.1 Prototype Experiment at AERE

A test experiment using the 40Ar/38Ar method was carried out already some-

time ago at the electron LINAC at Atomic Energy Research Establishment

(AERE), Harwell [9]. Two muscovite and two biotite samples of precisely

known potassium - argon age were selected for the initial investigation of the

feasibility of the method. The samples had high potassium and low calcium

contents.

Only four samples could be irradiated simultaneously due to the restric-

tions of space imposed by the experimental facility available for work. These

samples were each packed in a flat ”envelope” of aluminium foil, about

0.75 × 0.75 cm2, and then the group of samples was arranged to form a

cube with a side length of about 1 cm (with aluminium foil wrappings). The

sample irradiation was carried out for 130 hours using a 35 MeV electron

beam. The samples were placed close to the end of the electron beam tube,

behind a gold bremsstrahlung converter plate with a thickness of 0.5 cm.

The mean electron beam current was 4 µA. The electrons stopped in the

converter plate produced bremsstrahlung photons.

The samples were oriented such that each one should have experienced the

same photon flux (neglecting the angular spreading), but there was no space

to include monitor materials to measure the flux. The irradiation of these

samples was supplementary to a main experiment being carried out on the

LINAC at that time and accordingly the duration of the irradiation was
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Table 2: Argon isotopic ratios in gamma irradiated micas [9].

Sample Conventional Q 40Ar∗/38Ar J

age (Million years)

1 18.1 9.65 × 10−3 64.0 ± 1.9 1.51 × 10−4

2 81.5 4.42 × 10−2 296 ± 4 1.49 × 10−4

3 149 8.22 × 10−2 564 ± 7 1.46 × 10−4

4 996 6.96 × 10−1 4540 ± 40 1.53 × 10−4

determined by the maximum possible time rather than any quantitative con-

siderations of the received photon flux.

After the irradiation, the samples were transferred to glass ampoules and

their argon isotopic ratios were determined using an on-line argon extraction

system coupled to an Omegatron mass spectrometer [25].

The results of the analysis are shown in Table 2, where the sample 1 is

Bern4M, interlaboratory standard muscovite [26], the sample 2 is P-207, in-

terlaboratory standard muscovite, the sample 3 is biotite - 267 (analytical

data provided by Dr. D. C. Rex) and the sample 4 is B3203, MIT interlabo-

ratory standard biotite [27]. From Table 2 one can see, that the mean J value

is 1.50 × 10−4. The results indicate that the method does lead to consistent

values for J which would permit the determination of potassium - argon ages

of samples, irradiated in this way, with an uncertainty of the order of 2%.

An estimation of J from Eq. (6), using simulation results for the photon yield,

was made in the present work in order to check the possibility of quantitative

predictions based on FLUKA generated spectra. The obtained value is equal
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to 3.1×10−4 and agrees well with the data of the experiment, if one considers

the various approximations entering into the simulation.

But, as it will be discussed below (see Section 4.3), additional 38Ar from the

40Ca(γ, np) reaction could be located in the sample which might lead to an

overestimation of the age. Thus, the contribution of this background reaction

needs to be discussed.

4.2 Overview of Possible Interfering Reactions

In view of the excellent agreement between the values of J obtained from

the different samples [9], it seems that any interfering reactions are of neg-

ligible importance for the measured probes. In order to assess the potential

difficulties which might arise in extending the method to minerals with a

less favourable K/Ca ratio, a summary of photon - induced reactions on el-

ements near potassium in the periodic table is given in Table 3 which give

rise, ultimately, to isotopes of argon.

Only few precise cross section data exist for photon-induced reactions other

than (γ, n). In the light elements (γ, p) reactions occur [28] with a probability

comparable with the one for (γ, n), whereas the (γ, α) reaction occurs with

considerably smaller probability [18]. The (γ, np) reactions occur at higher

energies only.

It becomes clearly from Table 3 that no interaction with isotopes of calcium

can give rise to 37Ar or 39Ar (unlike fast reactions on 40Ca which do give

rise to 37Ar and thereby provide a method of correction for other interfering

isotopes of Ar generated from calcium in the 40Ar/39Ar dating method).
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An analogous method of correction for such effects would not, therefore,

appear to be available in the 40Ar/38Ar method. However, 39Ar is produced

from the 40K(γ,p) reaction and because of the relatively long half - life is

(in principle) measurable. But, the low natural abundance of 40K limits

practical applications.
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Table 3: Photon interactions yielding isotopes of argon [9]. P - product isotope with decay scheme(if any).

T - threshold energy of photon interaction (MeV). D - decay mode of product isotope with half-life.

Initial (γ, n) (γ, p) (γ, α) (γ, np)

isotopes P T D P T D P T D P T D

39K 38K 13.08 β+ 38Ar 6.37 37Ar 18.2 E.C.

(93.08%) ↓ 7.7 min ↓ 34 d

38Ar 37Cl

40K 39Ar 7.58 β− 36Cl 6.43 β+ 38Ar 14.16

(0.012%) ↓ 265 y ↓ 3 × 108y

39K 36Ar

41K 40Ar 7.80 38K 17.67 β−

(6.91%) ↓ 265 y

38Ar

40Ca 36Ar 7.04 38K 21.42 β−

(96.94%) ↓ 7.7 min

38Ar

42Ca 38Ar 6.23

(0.64%)

43Ca 39K 7.58 β−

(0.14%) ↓ 265 y

39Ar

44Ca 40Ar 8.84

(2.1%)
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4.3 Background Reactions Producing 38Ar

Finally, 38Ar is produced from isotopes other than potassium in the reactions

40Ca (γ, np)38K
β+

−→ 38Ar,

42Ca (γ, α)38Ar,

43Ca (γ, nα)38Ar.

However, 42Ca and 43Ca have low isotopic abundances of 0.14% and 0.64%,

respectively, and in addition can yield 38Ar only in reactions with low cross

sections.

The first reaction benefits from the high isotopic abundance of 40Ca (96.9%).

The estimates of the amount of 38Ar produced from 40Ca are summarized in

Table 4. The results are obtained by means of Eq. (19), where values of σ are

taken from [29] and shown in Fig. 10 and the photon spectra were calculated

with FLUKA.

As can be seen from the Table 3, the 40Ca(γ, np) reaction possesses a high

threshold energy (21.42 MeV). The yield of 38Ar from 40Ca as a function of

the beam energy is also shown in Fig. 8. Finally, the 38Ar production ratio

is depicted in Fig. 11. The ratios predicted by the simulations are connected

with straight lines to guide the eye. Depending on the 38K/40Ca ratio of the

probe, one can estimate from Fig. 11 the maximum possible electron energy

for an acceptable upper limit of 38Ar resulting from 40Ca - induced reactions.
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Figure 10: Experimental cross section of the 40Ca(γ, np)38K reaction [29].

Table 4: 38Ar Yield from 40Ca for different Energies.

Energy σNγ
38Ar Amount

(MeV) (mb/s) (atoms/s)

20 - -

25 1388 1.10 × 105

30 31667 2.58 × 106

35 113107 8.19 × 106
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5 Possible Experiment at the S-DALINAC

5.1 S-DALINAC

The investigation of the nuclear structure with inelastic electron scattering

is one of the most important applications of the Superconducting Darmstadt

Linear Electron Accelerator S-DALINAC at the Institute for Nuclear Physics

of the Darmstadt University of Technology [30]. Due to its modern concept

the S-DALINAC is a high quality source of continuous electron beams with

energies up to 130 MeV [31, 32].

The S-DALINAC became the first superconducting continuous-wave linear

accelerator of electrons in Europe. Since 1991 the S-DALINAC delivers elec-

tron beams with a maximum energy of 130 MeV and currents of up to 60 µA

for a wide range of nuclear physics experiments [33]. The layout of the

S-DALINAC is shown in Fig. 12.The electron beam can be delivered to sev-

eral experimental facilities, schematically shown in Fig. 13. The electrons

are emitted by a thermionic gun and then accelerated electrostatically to an

energy of 250 keV. The required time structure of the electron beam for radio-

frequency acceleration in a 3 GHz field is created by a chopper/prebuncher

system operating at room temperature. The superconducting injector linac

consists of one 2-cell, one 5-cell, and two standard 20-cell niobium cavities

cooled to 2 K by liquid helium. The beam leaving the injector has an energy

up to 10 MeV and can either be used for radiation physics experiments or

for nuclear resonance fluorescence experiments (©1 in Fig. 13).
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Figure 12: Schematic layout of the S-DALINAC.
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Figure 13: Experimental facilities at the S-DALINAC. ©1 channeling radiation and (γ, γ′) experiments,

©2 free electron laser, ©3 high energy radiation physics, ©4 compton scattering off nucleons, ©5 (e, e′) at

180◦- and (e, e′x)-experiments, ©6 (e, e′)-experiments, ©7 optic experiments.
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Alternatively, it can be bent by 180◦ and injected into the main accelerator

section. This superconducting linac has eight 20-cell cavities which provide

an energy gain of up to 40 MeV. After passing through the main linac the

electron beam may be extracted towards the experimental hall or it can

be recirculated and reinjected one or two times into the main linac using

two separated recirculating beam transport systems. Additionally, in the

first recirculation beam-line an infrared Free Electron Laser (FEL) is located

(©2 in Fig. 13).

A wide range of electron scattering experiments is carried out using the

QCLAM spectrometer (©5 in Fig. 13) and a high resolution facility with a

magic-angle spectrometer (©6 in Fig. 13). The QCLAM spectrometer has a

large angular and momentum acceptance and is used for (e,e′x)-coincidence

and for (e,e′)-experiments at 180◦. The magic-angle spectrometer operates

in the so-called ”energy-loss” mode that enables to perform high resolution

(e,e′)-experiments independently of the energy spread of the electron beam.

5.2 Experimental Setup

Figure 14 shows a setup for bremsstrahlung experiments behind the main

accelerator of the S-DALINAC. It is constructed [34] for experiments with

high-energy electrons (E0 = 50 − 100 MeV ). A 0.3 mm thick gold plate

(0.1 radiation length) with a diameter of 2 mm is used as radiator. This target

(©4 in Fig. 14) is placed in a special tube, which provides good thermal

contact of the target with the environment for effective cooling.

Behind the radiator the scattered electron beam is deflected by about
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Figure 14: Experimental Setup. ©1 steering magnets, ©2 OTR-Al-Oxid

target, ©3 beam position/current monitor, ©4 converter target, ©5 cleaning

magnet, ©6 vacuum tube, ©7 collimator system, ©8 beam dump, ©9 concrete

wall.

23◦ from the original axis by means of a compact dipole magnet (©5 in

Fig. 14). Since the edge field from the dipole magnet at the position of the

bremsstrahlung target is not negligible, the target is additionally protected

with a magnet-field shielding made from soft iron. The electron beam is

broadening during interaction with the radiator, therefore the poles of the

dipole magnet are not parallel, but have an opening angle of 16◦.

The precise position of the electron beam - at this place 1 mm in diameter -

can be controlled online by steering magnets (©1 in Fig. 14) with the help

of a position-sensitive high frequency monitor system (©3 in Fig. 14) and an

optical transition radiation (OTR) target (©2 in Fig. 14).
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Figure 15: Details of the experimental setup . The arrow shows the free

available space for the probe between the dipole magnet and the collimator.

The air cooled beam dump (©8 in Fig. 14), composed of aluminium and

lead, is placed in the wall of the concrete shielding and allows to monitor

the beam current. The bump is constructed to allow for a heat load up to

1.5 kW.

Behind the dipole magnet the Bremsstrahlung cone will be collimated into a

10×20 mm2 photon beam. The collimator (©7 in Fig. 14) is 20 cm long and

it consists of several layers of lead with different slit parameters and some

additional layers of polyethylene for shielding fast neutrons produced in the

collimator. It is designed for a study of Compton scattering of the proton

using a novel high - pressure hydrogen chamber as active target [34].

A maximum photon flux is necessary for the present experiment, so the
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Figure 16: The low energy spectrum at 19.5 MeV and FLUKA simulation

for 19 MeV [34].

probe should be situated as close to the target as possible in the free space

between the dipole magnet ©5 and the collimator ©7 . This region is shown

in details in Fig. 15. The available space in the area indicated by the arrow

is equal to 5 cm.

In this area behind the collimator a measurement of the bremsstrahlung spec-

trum at 19.5 MeV was performed. In Fig. 16 one can see the good agreement

between the experimental spectrum and the spectrum obtained from the sim-

ulation when trying to incorporate the geometry of the measurement [34].
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5.3 The Probe

The samples will be placed in a 5 cm long quartz ampoule, which has a

diameter of about 0.6 cm. The samples have a typical weight between 10

and 50 mg. Each sample is wrapped in about 40 mg Al foil. So, each sample

is an Al-pellet approximately 1-3 mm thick and 4 mm in diameter. In total

10 samples (total weight of about 500-900 mg) are used: one Ca, one Cl

and one K monitor, at least three age standards that also monitor the flux

variation, and 4-5 samples to be investigated. So, about 3 cm of the quartz

ampoule are filled with samples, the remaining 2-3 cm are empty because

one needs some distance between them when the ampoule is sealed.
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6 Conclusion

An investigation of the feasibility of 39K(γ, n) experiments for mineral age de-

termination at the S-DALINAC has been carried out. It was demonstrated

that qualitative predictions for 38Ar production and Ar isotope ratios are

possible with the help of modern methods (for example, a Monte Carlo sim-

ulation for the photon flux). The quantitative accuracy is limited to a factor

of about two because of simplifications made in the simulation geometry.

A limitation of the available setup at the S-DALINAC is caused by the

relatively thin bremsstrahlung target. The thickness can not be easily in-

creased because the dipole magnet and Faraday cup systems were not de-

signed for thick target experiments. Furthermore, a setup for thick target

bremsstrahlung would require major investments, because heavy shielding

would be needed. Also the problem of induced activity appears.

Experiments seem feasible on time scales of hours to a few days for not too

small K/Ca ratios. Exact limits must be determined experimentally in a test

run, planned for 2003.
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