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Production of the 178 2m Hf Isomer

Using a 4.5-GeV Electron Accelerator

High-productivity methods are required for the accumulation of long-lived isomers in amounts

that are sufficient for the creation of experimental targets. A tantalum sample was activated

with the Yerevan synchrotron using 4.5-GeV bremsstrahlung and the presence of 178 2m Hf was detected

with good statistical accuracy by �-activity measurements. The integrated and mean cross-section val-

ues were deduced from the experiment. The isomer-to-ground-state ratio was then estimated and com-

pared with that known for the p�Ta reaction studied at 660 MeV. In the present experiment, both

the converter and the target were relatively thin for better definition of the experimental conditions.

However, an assembly designed for high-productivity irradiations should be thick and the converter

can also serve as a target sample when irradiated with a high-energy electron beam. The optimization

of the isomer production was solved analytically and the largest estimated yield was determined as

calibrated to the experimental yield. The maximum yield of 178 2m Hf was found to be of about3 109
� nu-

clei/s using an electron beam current of 100 �A. This is lower than the yield achieved with proton

beams, although for a practical comparison the total cost and radiation safety conditions should be

considered. The present results provide a basis for numerical estimations.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR.
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Êàðàìÿí Ñ. À. è äð. E1-2004-36

Ïîëó÷åíèå èçîìåðà 178 2m Hf

ñ èñïîëüçîâàíèåì óñêîðèòåëÿ ýëåêòðîíîâ íà ýíåðãèþ 4,5 ÃýÂ

Ïðè ïîëó÷åíèè äîëãîæèâóùèõ èçîìåðîâ òðåáóþòñÿ âûñîêîïðîäóêòèâíûå ìåòîäû äëÿ íà-

êîïëåíèÿ êîëè÷åñòâ, äîñòàòî÷íûõ äëÿ ñîçäàíèÿ ýêñïåðèìåíòàëüíûõ ìèøåíåé. Ïðèñóòñòâèå
178 2m Hf áûëî îáíàðóæåíî è èçìåðåíî ñ õîðîøåé ñòàòèñòè÷åñêîé òî÷íîñòüþ â îáðàçöå òàíòàëà

ïî ãàììà-àêòèâíîñòè ïîñëå îáëó÷åíèÿ òîðìîçíûì èçëó÷åíèåì ñ ãðàíè÷íîé ýíåðãèåé 4,5 ÃýÂ

íà åðåâàíñêîì ñèíõðîòðîíå. Çíà÷åíèÿ èíòåãðàëüíîãî è ñðåäíåãî ñå÷åíèé îïðåäåëåíû èç ýêñïå-

ðèìåíòà, è çàòåì îöåíåíî èçîìåðíîå îòíîøåíèå, êîòîðîå ñðàâíèâàåòñÿ ñ ðàíåå èçâåñòíûì

äëÿ ðåàêöèè p�Ta ïðè ýíåðãèè ïðîòîíîâ 660 ÌýÂ. Äëÿ îáåñïå÷åíèÿ íàèáîëåå ÷èñòûõ ýêñïåðè-

ìåíòàëüíûõ óñëîâèé â íàñòîÿùåì ýêñïåðèìåíòå èñïîëüçîâàíû îòíîñèòåëüíî òîíêèå ìèøåíü

è êîíâåðòåð. Îäíàêî äëÿ âûñîêîïðîäóêòèâíûõ îáëó÷åíèé íà ïó÷êå ýëåêòðîíîâ âûñîêîé ýíåð-

ãèè íàèáîëåå öåëåñîîáðàçíî èñïîëüçîâàòü òîëñòûé îáðàçåö, îáúåäèíÿþùèé ôóíêöèè êîíâåð-

òåðà è ìèøåíè. Çàäà÷à îïòèìèçàöèè ýêñïåðèìåíòà ïî ïîëó÷åíèþ èçîìåðà ðåøåíà àíàëèòè÷å-

ñêè, è íàèáîëüøèé âûõîä âû÷èñëåí ñ ïðèìåíåíèåì êàëèáðîâêè ïî îòíîøåíèþ ê ýêñïåðèìåí-

òàëüíîìó âûõîäó. Îïðåäåëåíî, ÷òî ìàêñèìàëüíûé âûõîä äîëæåí ñîñòàâèòü îêîëî 3 109
� ÿäåð

178 2m Hf â ñåêóíäó ïðè òîêå ïó÷êà ýëåêòðîíîâ 100 ìêÀ. Ýòî ìåíüøå, ÷åì ìîãëî áûòü äîñòèãíóòî

íà ïó÷êå ïðîòîíîâ, îäíàêî íà ïðàêòèêå ñëåäóåò ñðàâíèòü òàêæå ïîëíóþ ñòîèìîñòü è óñëîâèÿ

ðàäèàöèîííîé áåçîïàñíîñòè ýêñïåðèìåíòîâ. Íàñòîÿùèå ðåçóëüòàòû äàþò îñíîâó äëÿ ÷èñëåí-

íûõ îöåíîê è ñðàâíåíèé.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè ÿäåðíûõ ðåàêöèé èì. Ã. Í. Ôëåðîâà ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004



INTRODUCTION

Studies of high-spin nuclear isomers can provide important information re-
garding both a nuclear structure [1, 2] and innovative applications [3]. A triggered
release of the energy stored in nuclear isomers may permit the creation of pulsed
sources of gamma radiation, perhaps even a gamma-ray laser. The speciˇc en-
ergy stored by some isomers for long periods of time is much greater than that
of standard sources of energy. For instance, the high-spin Kπ = 16+ isomeric
state 178m2Hf stores a speciˇc energy of about 1.3 MJ/mg with a half-life of
31 years. To study mechanisms by which a release of this energy might be trig-
gered, a critical requirement is that samples of isomeric atoms must be available
in milligram or even larger amounts. It is established that the largest quantity of
178m2Hf was produced at Los Alamos with 800 MeV protons from a high-current
accelerator (formerly LAMPF). The advantage of this method was the ability to
accumulate the isomer as a by-product within a massive tantalum beam dump
during the operation of the accelerator for other experiments [4]. However, the
isomeric material produced in this way contains a very high activity of other
radionuclides and the corresponding gamma background remains high even after
chemical isolation of the hafnium fraction. The 1.87-year-lived isotope 172Hf
is the most problematic contaminant. The productivity of 178m2Hf in spallation
reactions with protons at intermediate energies was systematically studied for Ta,
W and Re targets at Dubna using the 660 MeV synchrocyclotron [5Ä7]. From
those works, some recommendations were deduced as to methods by which to
optimize spallation production of the isomer. However, no scheme was proposed
by which to overcome the basic disadvantage presented by the accompanying
production of high contaminant activities.

Better quality sources of 178m2Hf were successfully produced by the
176Yb(4He, 2n) reaction using a 36 MeV 4He-ion beam and subsequent chemical
processing of the irradiated Yb target [8]. Mass separation was ˇnally performed
on the remaining material. The problem of isomer separation from the stable
178Hf ground state has not yet been solved. The production of the long-lived
isomer by the (4He, 2n) reaction is disadvantaged by a much lower absolute yield
as compared to the spallation reaction. It is known [9] that the production reaction
179Hf(n, 2n)178m2Hf has a reasonably good cross-section for 14-MeV incident
neutrons. The absolute yield is, however, restricted by practical limitations of
neutron generators exploiting the d + T reaction.
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Recently, an attempt was made to observe the production of 178m2Hf in
reactor irradiations of a natHf target. It was assumed that some reasonable
yield could be obtained due to the 178Hf(n, n′) reaction with the neutrons in
the ˇssion spectrum. So far, only an upper limit for the cross-section has been
deduced because of the high remaining activity from other products Å more
sensitive measurements are expected after a longer cooling time. Nevertheless,
the production of 179m2Hf by (n, n′) reactions was observed [10].

Here the possibility of producing the 178m2Hf isomer was investigated using
4.5-GeV bremsstrahlung from an electron synchrotron. The productivity with
photons cannot be expected to be higher than in the previous reactions due
to the generally lower cross-section characteristic of photonuclear interactions as
compared to hadronic interactions. Still experimental results on photon production
of this important isomer have not been reported and the present measurements
should be valuable in assessing the feasibility of different production approaches.
Above 1.5 GeV, the photon interaction is characterized by a cross-section of about
0.12 mb/nucleon. Below this energy, meson-generating resonances are known in
the 200 to 800 MeV range and giant multipole resonances for photoabsorption
appear for Eγ � 100 MeV. The quasi-deuteron mechanism of photoabsorption
also makes a signiˇcant contribution at Eγ � 400 MeV. Overall, the cross-
section of photon interactions with the nucleus systematically decreases with
increasing Eγ . The bremsstrahlung spectrum produced by high-energy electrons
fall as E−1

γ , so the major contribution to the nuclear reaction yield is created
by photons with Eγ � 1000 MeV. The energy transferred to a heavy nucleus
by photon reactions in this range should be comparable to that released in the
proton interactions at 800 [4] and 660 MeV [5Ä7]. As a result, the production of a
variety of radionuclides can be expected as occurs with proton-induced spallation.
Among the radioactive products, high-spin isomers must be represented and the
experimental observation of the long-lived 178m2Hf isomer was indeed possible.
The present work provides an important test of the isomer-to-ground-state ratio
for high-spin isomers formed in high-energy electromagnetic interactions with
complex nuclei and an estimation of the efˇciency for accumulation of signiˇcant
amounts of 178m2Hf using an electron accelerator.

1. MEASUREMENTS

Figure 1 shows a schematic view of the experimental arrangement at the
Yerevan 4.5-GeV electron synchrotron. The electron beam was extracted from
the storage ring and struck a tungsten converter having a 0.3-mm thickness.
Transmitted beam electrons and electron-positron pairs generated at the converter
were de�ected by a magnetic ˇeld while the bremsstrahlung photons continued
forward within a very narrow cone. Collimators installed far from the converter
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shielded a target from background scattered radiation. The target was made of
twenty 0.1-mm thick layers of natural tantalum. The initial electron energy of
4.5 GeV was reduced by about 8% in the converter and the bremsstrahlung �ux
was attenuated to a mean value by a factor of about 0.85 due to the absorption
within the 2-mm Ta target. These factors were taken into account in the data
processing, but were not very pronounced so the approximation of thin converter
and thin target could be made to simplify the analysis. The tantalum target
was irradiated in 1986 for other purposes and fortunately it was saved up to
now, providing the best possible condition for the detection of the 31-year-lived
178m2Hf isomer. Many other radionuclides were produced during the irradiation
with higher yields than 178m2Hf, but they have almost decayed completely and
did not interfere with the detection of a relatively low activity of 178m2Hf.

The tantalum target activity was measured using a HPGe spectrometer of 20%
efˇciency (relatively to the standard NaI scintillator), combined with compatible
electronics to provide an energy resolution of about 1.8 keV for the 60Co γ
lines. The tantalum foils were distributed to form a two-foil folded layer of
0.2-mm thickness in order to reduce self-absorption of the emitted gamma rays.
Even with this arrangement, self-absorption was still not negligible, especially for
Eγ � 250 keV, and a correction factor was used to take into account the emission
efˇciency from a sample of ˇnite thickness, t:

ε = (µt)−1(1 − e−µt), (1)

where µ(Eγ) is the linear attenuation coefˇcient for gammas in tantalum.
Another correction factor to the detector efˇciency should account for the

ˇnite size (area) of the active source. An efˇciency calibration of the Ge detector
was done using the normal procedure with standard radioisotope sources of known
activity. Such sources are typically small and so can be approximated as point
sources. In contrast, the tantalum sample covered an area of about 45 × 45 mm2

and was installed close to the detector since the low activity from the 31-year
isomer required the maximum detection efˇciency. The approximation of a point
source was not applicable in this case and the solid angle was calculated in order
to correct the efˇciency. The following equation was used to approximate the
mean detection solid angle when activity is uniformly distributed within a circle
of radius Rs:

Ω̄ = 2π

(
L

Rs

)2
(

1 − L√
L2 + R2

d

)
ln

[
1 +

(
Rs

L

)2
]

(sr). (2)

Here L is the distance between the centers of the source and detector. It was
assumed that the sensitive volume of the detector was restricted to the circular
entrance window of radius Rd and the planes of the source and detector circles
were parallel.
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A third correction was needed since the efˇciency could be in�uenced by
simultaneous detection of two or more γ quanta emitted promptly from a single
decay event. In the natural decay cascade of 178m2Hf, 4 to 5 quanta are emitted
and using a close geometry they can generate a sum-signal response in the detector
that reduces the intensity of photoabsorption peaks in the γ-ray spectrum. This is
not a random pile-up effect that is dependent on the count rate. Sum signals arise
even with weak activity sources whenever the cascade multiplicity Mγ > 1 and the
solid angle of detection provides sufˇcient efˇciency. Additional measurements
were arranged to test the magnitude of this effect for this experiment. The detector
efˇciency was calibrated at close and far distances using speciˇc point sources
that were selected to emit single γ quanta. Then, a sample (from other work) that
contained a modest activity of 178m2Hf was measured at the same locations. The
effect of sum signals was signiˇcant only when the 178m2Hf source was present
in close geometry while this effect did not appear in γ spectra taken at larger
distances or with single-gamma sources. Finally, the deviation of the detector
efˇciency from the standard values was determined individually for the most
important γ lines in the decay of 178m2Hf. These results were used to measure
the number of 178m2Hf nuclei within the activated tantalum target based on the
detected γ-ray intensity.

With the above-described conditions, a γ-ray spectrum of the Ta sample
which was exposed to 4.5-GeV bremsstrahlung was accumulated during two
weeks in order to collect sufˇcient statistics in the important lines. Fragments
of the spectrum are given in Fig. 2 and well-manifested lines of 178m2Hf are
seen therein. The spectrum was analyzed using the ®DEIMOS¯ code [11] and
accurate numerical values were obtained for the line energy and area, as shown
in Fig. 2. The number of counts at the peak channel are also indicated in Fig. 2
to characterize the collected statistics.

The statistical errors of the line areas were typically about 10%, but using
the results for six intense γ lines it was possible to obtain much better accuracy
for the number of 178m2Hf nuclei in the sample. Fortunately, no deviations were
found in the relative intensity of the γ lines as compared to the tabular values for
178m2Hf. Also, the γ-line widths were in agreement with those expected for the
detector as a function of Eγ . These meant that no overlap occurred between the
lines of interest and those from background contributions. Natural background
γ lines were deˇnitely present in the spectrum, but did not disturb the detection
of 178m2Hf. In addition, lines of 172Hf, 150Eu and 133Ba were found in the
spectrum, being long-lived enough to have survived while other radionuclides
decayed completely after such a long cooling time. The area of corresponding γ
line allowed a determination of the production yield for each given isotope after
taking into account the decay factors, detector efˇciency and quantum yield of
the line. The latter parameters were taken from the tabular data [12]. The three
above-described correction factors for the detector efˇciency were utilized and it
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was found that the numbers of 178m2Hf nuclei determined from different γ lines
were practically identical. The six independent measurements were averaged
and the standard deviation from the mean value was found to be 5%, being in
agreement with the statistical errors deduced from the areas of the γ lines. In the
Table, the numbers of atoms produced by the bremsstrahlung irradiation of the
Ta target are given for 178m2Hf, 172Hf, 150Eu and 133Ba.

2. CROSS-SECTIONS

Having determined the number of product atoms, it was possible to evaluate
the production cross-section based on a known number of projectiles reaching
the target. The latter quantity was determined from the so-called ®quantometer¯
unit, an optimized ionization chamber, that was installed in the bremsstrahlung
beam for integration of the number of ®equivalent¯ photons, Nph. This number
is deˇned by:

Nph = E−1
max

Emax∫
0

Eγ
dN

dEγ
(Eγ)dEγ , (3)

for a continuous spectrum of photons with a spectral intensity
dN

dEγ
and endpoint

Emax.
The spectrum of bremsstrahlung photons emitted by electrons in matter was

understood more than ˇfty years ago [13] and the BoetheÄHeitler equation, cor-
responding to the ultrarelativistic case with an account of atomic screening, was
used in this work. This approximation was completely satisˇed in the present
experiment and gives the spectral density of photons per unit electron incident on
a converter:

dσ

dEγ
=

4Z2e4

137(mc2)2Eγ
×

×
{[

1 +
(

Ee − Eγ

Ee

)2

− 2
3

(Ee − Eγ)
Ee

]
ln (183Z−1/3) +

(Ee − Eγ)
9Ee

}
. (4)

In the present experiment, all photons generated by the converter reached the
target and quantometer due to the narrow angular width of the high-energy

bremsstrahlung, having a half-angle of θ0 =
mc2

Ee
≈ 0.1 mrad. For a thick

converter, the electron energy will vary considerably, so Eq. (4) must generally
be integrated over Ee as it varies from the initial incident electron energy E0

to some Emin. In the case of this experiment, the converter was thin and so it
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was possible to evaluate Eq. (4) without integration by using the mean value
of electron energy, 〈Ee〉 < E0. Here the mean energy of electrons within the
0.3-mm tungsten converter was determined by considering radiative losses. The
spectrum of the bremsstrahlung radiation was thereby determined quantitatively
for the real experimental conditions and is shown in Fig. 3. The measured num-
ber of equivalent photons supplies an absolute calibration of the spectrum. The
electron beam current can also be calculated using Eqs. (3) and (4).

Photons/GeV � e
–

0.01

0.1

0 1 2 3 4 5

E� , GeV

Fig. 3. Calculated and normalized spectral
yield of the bremsstrahlung radiation emitted
from the 0.3-mm W converter struck by the
4.5-GeV electron beam

As is mentioned above, the cross-
section of photonuclear interactions
demonstrates a generally decreasing
trend with Eγ . It is quite large at
Eγ < 100 MeV due to nuclear pho-
toabsorption and the quasi-deuteron
mechanism. Then in the range of
200Ä800 MeV it is enhanced again
because of resonant meson generation
in interactions with individual nucle-
ons. Above 1,500 MeV the cross-
section reaches an asymptotic value
that is almost independent of energy,
about 0.12 mb/nucleon. In combina-
tion with the photon spectrum, shown
in Fig. 3, which decreases in intensity
rapidly approaching higher energies,
this resulted in a drastically decreased
yield, Ynr(Eγ), of photonuclear reac-
tions as a function of Eγ . The yield
detected from such a reaction must oc-
cur mainly in that part of the spectrum
at Eγ � 1000 MeV, and was true for

the production of the 178m2Hf isomer. Considering the lower-energy contribu-
tions, clearly 178m2Hf was formed in the 181Ta(γ, p2n) reaction at an excitation
energy above 40Ä50 MeV. Thus, it was assumed here that the measured 178m2Hf
yield was primarily due to photons in the range 50 MeV � Eγ � 1050 MeV.
The estimated inaccuracy due to this assumption, about 10%, is comparable with
the statistical error of these measurements.

Thus, all necessary quantities were available from which to evaluate the
integral cross-section, or ICS, i. e.: the number of produced nuclei, the number
of photons within the appropriate energy range and the thickness of the tantalum
target. The attenuation of the bremsstrahlung �ux within 2-mm target was also
taken into account. The values obtained for the ICS and the mean cross-section, σ̄,
are given in the Table. The mean cross-section corresponds to a 1000-MeV range

8



Measured production parameters for long-lived radioactive nuclides formed after
activation of a Ta target with 4.5-GeV bremsstrahlung

Nuclide Type of yield Nat ICS [MeV·barn] σ̄ [cm2]

178m2Hf Indep. (1.57 ± 0.08) · 108 0.0255 2.55 · 10−29

172Hf EC cum. (2.3 ± 0.2) · 1010 3.74 3.74 · 10−27

150Eu Indep. (8 ± 2) · 107 0.013 1.3 · 10−29

133Ba EC cum. (8.7 ± 0.9) · 108 0.141 1.41 · 10−28

of photon energy so that σ̄ = ICS/(1000 MeV). The products 172Hf, 150Eu and
133Ba are also characterized in the Table. The errors in ICS and σ̄ values were
deˇned by the statistical errors in the measurements of Nat given in the Table and
systematic errors may have arisen from subsequent numerical calculations based
on Nat. These systematic errors were likely to be insigniˇcant in comparison with
the statistical errors. The 172Hf and 133Ba nuclides accumulated the total yield
of the appropriate isobaric chains, while 178m2Hf and 150Eu were only produced
independently in the reactions. As expected, the mean cross-section for 178m2Hf
is lower than that known for the p + Ta reaction at 660 MeV [5, 6]. Roughly
speaking, the order-of-magnitude scale difference between these processes can
be explained by the nature of the electromagnetic interaction as compared to
nucleon-induced reactions.

For a physical understanding of the nuclear reaction mechanism, the isomer-
to-ground state ratio, σm/σg, is even more important, because it is sensitive to the
angular momentum transferred to the reaction residue. Comparisons between the
σm/σg obtained from different reactions also exclude scale differences between
cross sections. Unfortunately, the yield of stable 178Hf ground-state nuclei could
not be measured with activation techniques. The yield of 172Hf, however, was
detected successfully and by assuming a similar 178Hf/172Hf ratio as found in the
p + Ta reaction [5, 6] it was possible to deduce σg and therefore σm/σg values
for the bremsstrahlung-induced reaction. The latter assumption is reasonable, but
there is no guaranty of its quantitatively accuracy. Therefore, only an estimate of
the σm/σg value for 178m2Hf in the γ +Ta reaction was possible. The inaccuracy
in this value may approach 30Ä50%. The ratio deduced in this way was

σm

σg
≈ 0.032, (5)

a little higher than the results of Refs. [5, 6] for 178m2Hf formation by the p+Ta
interaction. This is not very surprising, recalling that the σm/σg ratio therefrom
changes rather slowly with the proton energy [5, 6], conˇrmed later in Ref. [14].
On the other hand, the similarity of isomer population in γ + Ta and p + Ta in-
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teractions may mean that in meson generation by photons, a signiˇcant excitation
energy and momentum are transferred to the nucleus. The subsequent stages of
the reaction include the emission of nucleons, the same as in the case of a nucleon
interaction with a heavy target. In the end, the residual nucleus has acquired a
reasonably high angular momentum. Such a conclusion is essentially reliable and
is now experimentally supported.

3. OPTIMIZATION OF PRODUCTIVITY

In the present experiment, the converter and the target were separated and
the thickness of each was relatively small. But in a view of achieving the highest
possible productivity, both thicknesses should be enlarged. In this way more
quanta can be created by the converter, although obviously absorption will also
be increased. A reasonable compromise would be to unify both the converter and
the target which would then need to be a rather thick sample of Ta. The problem
of optimization of such a uniˇed assembly was solved analytically and is described
below. Figure 4 illustrates schematically the exposure of this sample conˇguration
with an electron beam. The electron energy is reduced with thickness t due to
the radiation stopping power, while ionization energy loss can be neglected in
the GeV range. The upstream part of the sample serves mostly for bremsstrahlung
generation and then those photons are absorbed in the downstream part mostly
due to pair production Å a small fraction of the photons are absorbed due to
nuclear reactions. The tracks of photons from creation to absorption are also
depicted in Fig. 4. Some small fraction of them can be transmitted and leave
the sample. The effective photon �ux is dependent on the converter/sample
thickness due to the competition between production and absorption and so the
corresponding nuclear reaction yield also varies with t. It is necessary to calculate
the optimum total thickness of the sample for the most effective production and
use of bremsstrahlung, and thus to maximize the accumulation of radioactive
products.

At any depth, t, within the sample the conversion efˇciency to bremsstrahlung
is proportional to the local energy of electrons, Ee(t), because of the radiation-
stopping function [13]: (

dEe

dx

)
rad

= cEe. (6)

At the same time, the total range of energies covered by the bremsstrahlung
continuum, 0 � Eγ � Ee, is also compressed. For Eγ < 1050 MeV, therefore,
the spectral density of radiation is almost independent of changes in Ee in the
range of 1050 to 4500 MeV and thus different parts of the electron paths in the
sample provide equal contributions to dNγ/dEγ . It was explained above that
the majority of the radionuclide production was created by the part of spectrum
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E E0 min 0
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–

photons

Fig. 4. Illustration of the generation and absorption of photons in a thick sample that
uniˇes the functions of the converter and the target

from Eγ = 50−1050 MeV. The spectral density, dNγ/dEγ , and total number of
photons, Nγ , within this range of Eγ at t = � can be expressed as an integral
over the sample layer from t = 0 to �:

Nγ ∼
�∫

0

dEe

dx
(t)E−1

e e−µ(�−t)dt. (7)

With the substitution of Eq. (6) into Eq. (7), one obtains:

Nγ(�) ∼ c

µ
(1 − e−µ�). (8)

Photon absorption is taken into account by a linear attenuation coefˇcient µ that
is weakly dependent on Eγ for energies greater than 100 MeV. The coefˇcients
c and µ are expressed in cm2 when the thickness values t and � are expressed
in atoms/cm2. Using Eq. (8), one deduces the total nuclear reaction yield in the
sample of total thickness d as:

Ynr ∼
d∫

0

Nγ(�)σ̄d� =
σ̄c

µ2
(µd + e−µd − 1), (9)

where σ̄ is the mean cross-section of the reaction for Eγ within the range of
interest.

Now, it is necessary to discuss some limiting factors on the sample thickness.
After electrons penetrate through a thickness tmax, their energy is reduced to
Emin = 1050 MeV and at greater depths only softer photons can be created. The
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selected range of Eγ is therefore not applicable and requiring more complicated
calculations. For simplicity, here it is assumed that for depths within the sample
of t > tmax no photons are generated, but the full thickness of the sample can
produce absorption of photons and nuclear reaction events as illustrated in Fig. 4.
Under such conditions the nuclear reaction yield at the total thickness of the
sample is expressed as follows:

Ynr(ttot) ∼
σ̄c

µ2

[
µtmax + e−µttot − e−µ(ttot−tmax)

]
. (10)

The expression of Eq. (10) can be used to estimate the optimum thickness, ttot,
and the numerical value of the optimum yield, Ynr.

In addition to the simplifying assumptions above, the straggling of electron
energy and angle was completely neglected. However, this approach may lead to
an underestimation of the yield, Ynr, so Eq. (10) is still valuable for its predictive

lim

Y Yopt exp/

t ttot max/0 1 2 3
0

20

40

60

Fig. 5. Yield of nuclear reactions for produc-
tion of 178m2Hf in the uniˇed sample, Yopt,
as a function of the sample thickness. The
Yopt value was normalized to the yield Yexp

taken from the experiment having separate
converter and target

power. The equations above do not
contain any numerical constants by
which to provide an absolute calibra-
tion of the yield. Still in this exper-
iment and under well-deˇned geome-
try the yield was measured, and this
is sufˇcient for the calibration. It is
necessary to derive an equation cor-
responding to separated converter and
target samples as was arranged in the
experiment. Using the same theory as
above, the case of separated samples is
described by:

Ynr ∼
σ̄c

µ2
(1 − e−µ�)(1 − e−µd), (11)

where � and d are the converter and
the target thicknesses, respectively. Fi-
nally, the ratio of the optimized yield
for the uniˇed target-converter sample
to the yield in the experimental geome-

try, Yopt/Yexp, was calculated as a function of the ttot/tmax ratio and is presented
in Fig. 5. This function exhibits a growth, reaching saturation, as shown in the
ˇgure.

The value tmax was obtained to be of about 6.3 mm for a Ta sample with
electron energies of E0 = 4.5 GeV and Emin = 1.05 GeV. As is clear from Fig. 5,
there is no reason to use ttot � 3tmax. Thus, the optimum sample thickness should
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be about 19-mm of tantalum. The absolute productivity was also estimated by
linking it to the experimentally-observed production yield corresponded to the
known numbers of equivalent photons and electrons incident on the converter.
Finally, with a 19-mm thick tantalum sample in uniˇed geometry, as many as
2.5 · 109 atoms/s of the 178m2Hf isomer may be obtained with an electron beam
current of 100 µA. Such an intensity is achieved in modern linear electron accel-
erators and even higher currents may be reached in new systems that are under
development.

Some of the simplifying assumptions described above do not in�uence the
ˇnal productivity estimate due to the ability to calibrate the result with the present
experimentally measured yield. Therefore, these assumptions do not serve as a
source of inaccuracies in the calculated optimum value. However, two processes
will be manifested within a thick uniˇed sample which were not exhibited in
the experimental conditions. First, the productivity value was evaluated in a
linear approximation and so does not account for any second-order interactions,
i. e. secondary radiation created by electrons and positrons after bremsstrahlung
absorption with pair production. It is estimated that a correction to include
secondary processes should not be higher than 15%. Second, nuclear reactions
induced directly by beam electrons themselves, without ˇrst their conversion
to bremsstrahlung, must contribute some additional yield of the isomer within
a uniˇed converter-target assembly (recall that in the present experiment, no
electrons reached the target). The yield of electronuclear reactions, Yenr was
calculated as follows:

Yenr =

E2∫
E1

σ̄k(Ee)
dEe/dx

dEe, (12)

where an integration is applied over the stopping range of electrons from energies
of E1 to E2. The cross-section for electronuclear reactions is given by the function
σenr = σ̄k(Ee), where σ̄ is the photon-induced cross-section as used before. The
ratio of electronuclear to photonuclear cross-sections, k(Ee), is known for E1
multipolarity to be [15]:

k(Ee) =
2ln(Ee/mc2)

137π
. (13)

In reality, however, the k(Ee) value is higher by a factor of 2.5 for Eγ >
100 MeV [15], due to such processes as E2 absorption, the quasi-deuteron mech-
anism [16] and meson-production reactions. So, a factor of 2.5 was inserted
into Eq. (13) and the result substituted into Eq. (12) prior to integration over
the range of electron energies between 1050 and 50 MeV as was done for the
photon-induced reaction. The stopping range in which electron energies change
from 4500 to 1050 MeV is of less importance due to lower cross-sections and
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higher dEe/dx, but this was nevertheless taken into account. Finally, the contri-
bution of the electronuclear interaction was found to be about 0.13 Yphr, where
Yphr was the yield determined before for the photonuclear reaction. The calcu-
lated productivity under optimum conditions was then corrected to include both
secondary and electron-induced processes, giving a total yield:∑

Yopt = 3.2 · 109 atoms/(s · 100 µA) (14)

for the 178m2Hf isomer. This is about 8 times lower than the yield achieved at
Los Alamos with a proton beam of the same current. A lower productivity by
electrons compared with protons could be entirely expected. But, it is perhaps
surprising that the ratio is only 1/8, not by several orders-of-magnitude, and this
is an important result of the experiment. One additional practical consideration
should also be discussed. The volume density of power is higher in the case
of electrons compared with protons due to the correspondingly larger stopping
power. But this does not present a severe restriction because a multilayer tantalum
sample in a water �ow can effectively remove the heat released by the electron
beam. It should be recalled that both radiation energy losses of electrons and
photon absorption in water are negligible, as compared to Ta. In practice, it may
be possible that electron beams can be more convenient and less expensive in
operation than the meson-factory proton beam due to technical reasons.

SUMMARY

The yield of the 178m2Hf isomer was measured after irradiation of a tantalum
target with 4.5-GeV bremsstrahlung. The integral and mean cross-section values
and the isomer-to-ground-state ratio were newly obtained. An optimized scheme
for the production of this isomer using electron accelerators was proposed and
evaluated. The maximum production yield was obtained and a comparison with
the productivity of proton-induced reactions was discussed.
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