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Radio isotope Production with 

Electron Accelerators 

G.A. Brinkman 

Abstract: The production of radio isotopes with electron accelera

tors proceeds mainly by secondary photons (bremsstrahlung), pro

duced in an interaction between the electrons and the Coulomb 

field of the nuclei of a converter. The production yields depend 

on: the initial electron energy, the Z and thickness of the 

bremsstrahlung-converter, the Z, A and the thickness of the target, 

the geometric set up and the cross section for a particular 

reaction. In this article the production is only considered for 

thin bremsstrahlung converters in combination with an electron 

"sweep" magnet. Simple formulae are given for the calculations 

of production yields under standard conditions with only a 

(the cross section per equivalent quantum) and f (the fraction of 

the photons that hit the target) as variables and for the 

calculations of the dose rate at the production point. The units 

in which the yields are expressed in the literature (units of cr , 
si 

dose, electron beam intensity, monitor response) are discussed. 

Introduction 

Radio isotopes are mainly produced by (n,y) reactions in a 

nuclear reactor or by reactions with energetic charged particles 

(p,d,T,a) accelerated in cyclotrons. Radio isotope production 

rates can easily be calculated for thin targets if the energy 

of the charged particles, their total flux through the target 

and the cross-sections are known. Production rates for thicker 

targets are mostly calculated by a numeric integration between the 

energy limits of the incoming ard outgoing particles, assuming 

that the radial dimensions of the target are large enough to 

prevent escape of charged particles and that the absorption of 

the particles in the target can be neglected . The above mentioned 

neutrons and charged particles have a strong interaction with 

nucleons and the total inelastic cross sections are in the order 

of the collision diameter; TTR2 - 60 A 7 mb. 
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Most of the cyclotrons that are in use for the production of 

radio isotopes have maximum proton energies lower than 100 NeV. 

At higher energies, three proton machines, operating in a para

sitic mode together with high energy physics experiments, are in 

use for the production of radio isotopes: 

at Brookhaven (BNL): 200 MeV, 180 uA IJ 

at Los Alamos (LAMPF): 800 MeV, 1 mA ' 

at Zurich (SIN): 500 MeV, 31 

As a consequence of the very high beam power, the target positions 

are heavily shielded with water or concrete and the targets are 

equipped with adequate cooling provisions. 

Electrons have a weak interaction with nucleons, which means 

that the absorption probability is lower by a factor of y w = a, 

the fine structure constant, than for charged particles, neutrons 

and electromagnetic radiation. 

Electrons are slowed down in matter by xonising interactions with 

atomic electrons and by radiative interactions, mainly with the 

nucleus. In the latter interaction an electron Is scattered by 

the Coulomb field of the nucleus and part of the electron energy 

is emitted as electromagnetic radiation {bremsstrahlung) which 

has a strong Interaction with nuclear matter. 

Isotope production with electron accelerators does therefore not 

proceed by the reactions of electrons with the target but in a 

two step process by the reaction of the bremsstrahlung photons 

produced in a special converter (of high Z-material) placed in 

front of the target. This necessary conversion step and a lower 

cross section for photon induced reactions compared to charged 

particle reactions make electron accelerators less suitable for 

commercial isotope production than proton machines with the same 

energy and the same intensity. It must be mentioned, however, that 

no experience is available for isotope production at electron 

energies above the meson production threshold where spallation 

reactions are the main points of interest. The production of radio 

isotopes is further complicated by the continuous nature of the 

bremsstrahlungspectrum for which the number of photons with an 

energy of k MeV is in first approximation inverse proportional 

to this energy k: n. - 1/k (n. » 0 for k = Eo f the initial electron 

energy). 
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The number of photons per electron and per atom is furthermore 

dependent on the electron energy E0, on the 2 and thickness of 

the electron-photon converter and on the angle 9 between the 

direction of the initial electrons and the produced photons. These 

behaviours make the measurements of cross sections and of the 

production rates of radio isotopes by electron accelerators much 

more complex than in the case of reactor neutrons or mono-energetic 

charged particles. 

Production of radio isotopes with low energy electro accelerators 
4) has been discussed by MacGregor for 10 kW electron beams of 

20 and 25 MeV. Most of the information at low energies is obtained 

from the research in the field of photonuclear activation analysis, 

for instance at 25-35 MeV from the NBS \ at 30-6C MeV from Sendai 

and at 110 MeV from Oak Ridge '. Valuable information on the radio

activity produced by high energy electron and photons has been given 
8a) 8b) 

by Barbier and by Fuller and Hayward 

One of the main problems for isotope production has already 

discussed by Lutz , who notices that it is often important to 

stop the electrons completely before they can strike the target. 

This procedure is convenient for accelerators with low energies, 

but at high energies thick converters must be used. In Oak Ridge 

a 3 cm thick Ta target is in use at 110 MeV for beam powers of 50 

kW Another solution to the problem is the use of a "sweep" 

magnet to bend the electrons out of the photon beam/ that is 

mainly emitted in the direction of the initial electron beam. 

However, this method can only be applied if thin converter foils 

are used/ because thicker converters will blow up the electron 

beam during the passage through the converter and this can give 

rise to radiation damage of the sweep magnet. 

Our Institute is constructing a 500 MeV, high duty factor linear 
9) accelerator with 250 kw beam power . The chemistry department 

has already build an irradiation facility at low energy (<140 MeV), 

while a facility at 500 MeV is under construction. Both beam lines 

will be equipped with a combination of a thin converter*and a 

sweep magnet, which will make it possible to measure cross sections 

per equivalent quantum (a ) and to produce all kind of radio 

isotopes for chemical research, but these beam lines are not 
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suited for the high isotope production rates needed for medical 

or biological applications. Furthermore, beam time will be too 

expensive for the production of isotopes as such. However, there 

is an option to construct a facility, where isotopes can be pro

duced during long run physics experiments, behind the 1 cm thick 

copper converter that will be used for the production of pions. 

In this facility, surrounded by 5 m of concrete, no sweep magnet 

can be used and furthermore the cooling and radiation damage of 

the targets will becoue a serious problem. 

This article will discuss the production of radio isotopes with 

electron accelerators with energies up into the photomeson range, 

but only for the combination of thin bremsstrahlung converters 

and a sweep magnet. 

1. Energy loss of relatlvistic electrons 

Electrons can lose part of their kinetic energy by ionization 

and by radiation (bremsstrahlung). For relativistic electrons 

with energy E HeV, the energy loss - dE for absorber thickness 

dx (g cm ) is given by : 

e1 -13 rg - — T = 2,82 x 10 cm, the classical electron radius mc 

in which 

mc2 • 0.51 MeV, the rest mass of the electron 

N - the number of atoms per unit mass (g ) 

I = Z(9.76 + 58.8 z"1 )eV, the mean ionisation energy 
e2 1 

ot = arz - YTf ' t n e ^*ne structure constant 
c - = bremsstrah ungs cross section (cm ) 

Both these energy losses have been tabulated for electrons with 

energies between 0.01 and 1000 MeV for elements and compounds 

by Berger and Seltzer 

As an approximation, the ratio for both processes for thin absorbers 

is given by: 

" - ( 3)
 i U ' 

(*W ion 9VV 
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The critical energy E c - —=— MeV is the energy where the ionization 
and radiation energy losses are equal. Values of Ec can be found in 

ref. 11. 

The radiation length X« • - / J Z ^ f T ^ . t/tfr . (4) 

is the thickness of an absorber that reduces the energy loss by 

bremsstrahlung by a factor e. The radiation length varies between 
-2 

50 (Z = 6) and 6.5 gen (Z = 92) and is nearly independent of the 

electron energy 12) . , /* tiFfa)^ 
The radiation efficiency Y = ^J MS/JmJjL/ 1$) 
is the fraction of the initial electron energy that is converted 

into bremsstrahlung. For thin ( «x« J converters Y = '—-Z^**^ ̂ >é ^ 

in which k is the radiation probability factor and t the target 

thickness in units of the radiation length. For infinetely thick 

converters, the radiation efficiency is: 

Y = 
-y 

2. Bremsstrahlungsspectra 

The total (integrated over angle) photon spectrum is given 

ft.A**p-tl**x) 
where Eg is the initialVenergy, and k the photonenergy. Equation 

3 CS given by Koch and Motz is mainly be used tor the 

function $. For thin converters (no secundary reactions)^ the 

number of photons with energy k can be calculated from eq. (6) as: 

-2 
per electron, per 1 MeV energy interval, per gem converter 

thickness. 

The function <t> (Z, Eo,k) is not very much dependent on Z and is 
15) tabulated by Penfold and Leiss for a Pt converter and for 

electronenergles between 1 and 960 MeV. 

The bremsstrahlungspectrum approximates ( in particular at high 

values of Eo) a 1/k spectrum, which means that n. .k'v 4>(Z, E0 ,k) 

is almost a constant. The function of ^(Z,E0,k) is given in 

fig. 1 for 60, 200, 400 and 600 MeV for a Pt converter and is on 

the average 0.4 - 0.45 per MeV, 
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Fig. 1: ${Z,E«,k) as a function of energy for a Pt converter. 

The values are obtained from ref. 15. 

From figure 1 it can be seer that, for constant beam intensity, 

an increase in Ee has not much effect on the number of photons 

of low energy. One of the consequences is that the production 

rate of radio isotopes by (y,n) reactions does not depend 

very much on the electron energy E«, because this cross section 

is almost zero above 30 MeV. For example the yield of the 
12C(Yr«)11C reaction increases only with about 504 going from 

E« = 60 MeV to E0 =* 600 MeV. 

A similar situation exists for all reaction types that require 

only moderate energ such as (y,2n), (y*pn) etc. 

The number of isotopes formed per electron in a reaction with 

a photon of energy k is given by: 

R - N V k , 

in which N is the number of target atoms per cm , n. the number of 

photons per electron of energy k and o. the cross section in 
2 . K 

cm . To obtain the total number of isotopes formed in a brems-
strahlung beam, this equation must be Integrated; 
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in which k, is the maximum photon energy (k» » E 0). A special 

formalism has been developed to avoid the calculation of the 

integral over the product of the complex bremsstrahlungspectrum 

and the excitation function. 

If the total energy content of the bremsstrahlungspectrum 

is divided by the maximum photon energy ko, than we obtain a 

fictitious number Q of photons of energy k0, that has the same 

energy content as the bremsstrahlung beam: 

* K k. 

The number Q is called the number of "equivalent quanta". 

The cross section a P*f equivalent quantum is defined by; 

Using eq. 7 the number of isotopes formed per electron is: 

• 

or —, J** 

(8) 

if it is assumed that all the photons hit the target. 

An important advantage of the introduction of a is that this 

quantity can be measured in a single simple measurement, whereas 

for the determination of a. complicated experiments (photo-

difference method, tagging technique, positron annihilation in 

flight) are needed, '/, 

The value of is not very energy dependent 

on Z and increases for Pt from 0.43 at 60 MeV to 0.47 at 1 GeV. 

For Pt the integral is tabulated between 1 and 960 MeV in ref. 15 

and the value of *jr J $fz,f0,k) etb is plotted as a function of 

Eo in fig.2. ° 
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Fig. 2: -r- JfffcCjJji a s a function of Ei for a Pt converter 
per*l MeV interval (calculated from T3-1 of ref. 15). 

At high energies it has been found that there exists a linear 

relationship between a and In Ea. 
The slope of this curve is called the mean cross section for a 

bremsstrahlungspectrum: 

?- iZ* 

In table I a compilation is given of cross sections that are in 

use in photonuclear research. 

3. Influence of the converter thickness 

The equations given before are only valid for thin converters 

(no absorption of photons, no interactions of secundary electrons) 

and they are integrated over all angle. Monte Carlo calculations 

have been used for the determination of the bremsstrahlungspectra 

for thicker converters. The results obtained by Crawford and 

Messel 16' differ only 10% with those obtained by Nagel 
18) 

Recent measurements in Mainz have shown that there are 

differences as large as a factor of two between the calculations 

and the experimental results. 

In fig. 3 the differences between the calculation and the expe

riment can be seen for photons of 99.2 MeV obtained from 150 MeV 
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electrons on lead is given as a function of the converter thickness 

in radiation lengths. The measured differential spectrum for several 

values of E (also for 150 MeV electrons on lead) is given in fig.4. 

The curves, show a linear increase for converter thioenesses <0.3 X» 
-2 (or < 2 g cm Pb) or for radiation efFiciencitf< 0.3. 

e,"«i=i»»«» 

>4 »•w 
fig.3: Differential photonspectrum 
at 99.2 MeV measured )x ref.18) for 
150 MeV electrons on lead compared 
with Monte Carlo calculations 
o ref. 17) as a function of the con
verter thickness in radiation length* Fig. 4: Differential photonspec* 

trum measured for 150 MeV elec
trons on lead as a function of 
converter thickness in radiation 
lengths(ref. 18). 

The maxima in the spectra occur atXg - 1, whereas the calculations 

of Nagel gave maxima that are 0.3 - 0.4 x« higher. 

The decrease in the number of photons at x« > 1 is due tc self-

absorption in the converter. It must be noted that the radiation 

efficiency Y is the fraction of the initial electron energy that 

is converted into bremsstahlung and it is not corrected for 

selfabsorption in the converter (corrections for photoabsorption 

in the target need hardly be considered: the half thickness for 
-2 

20-100 MeV photons is 40, 20, 10 g cm for resp. Na, Fe, Pt 

which means that 10% of the photons are absorbed in resp. 6, 
-2 

3 and 1.5 g cm ). 

4. Angular Photondlstrlbution 

Two aspects of the angular distribution of the photons are to 

be considered; 

a. The radiation intensity distribution (total amount of energy) 

as a function of 8, the angle between the initial electron 

direction and the final photon direction. For thin converter* 

(< 1 g cm Pt) the ratio of the radiation intensity per unit 
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» - D is qiven hv c ^ 4 » « ) __J ,, . 0 - 0 is given by Schiff 

*>• 

and is plotted in fig. 5 as 

as function of E6, 

the reduced photon angle. 

Fig. 5: Ratio of the radiation inten

sity Ie at angle 6 to the 

intensity IQ as a function of 

E.6 MeV degrees for three con

verters of Z = 92 (ref. 20). 

J-

Xfr) 

Schiff•s equation haslater been modified by Muirhead at al. 21> 

in which 

Et is the exponential integral 

W~ <*"•*"•'**' ' E the electron energy in MeV 
U the rest energy of the electron and t the target thickness 
expressed in radiation lengths. 

Fig. 6a: Photonspectrum shape as a func
tion of k/ko for 90 MeV electrons on a 
thin Pt converter for several reduced 
photon angles Eô o (Eo in units moc2, the 
rest mass of the electron/ 9o in radians) 
(ref 13). 

Fig, 6b: Integrated over angle 
photon spectra shape as a func
tion of k/Eo for 90 MeV elec
trons on a thin Pt converter for 
different reduced photoangles 
Ej6o (Eo in units of moc2, the 
rest mass of the electrons, 6& 
in radians) (ref. 13). 
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b. The spectral distribution as a function of 6 for thin targets 

is given in fig. 6a for ED = 90 HeV. The figure shows that 

when the emission angle increases, the relative number of 

high energy photons increases until the *rend reverses at the 

larger angles. For isotopes production the over angle integrated 

spectrum is of importance and this spectral distribution does 

not depend very much on the angle 9 as is shown in fig. 6b. 

For the calculation of radio isotope production rates, the fraction 

of the photons that hit the target must be known and this means 

that an equation for Ie/Io n*ist be integrated over the tot^l 

angle which subtends the target. 
20) 

Lutz and Schulz have calculated "Ausbeute faktoren" f, which 

are the number of photons emitted within an angle 8, relative 

to the total number of emitted photons. They have tabulated these 

f factors as a function of 0 , converter thickness and k/ko for 

3 GeV electrons on Ta-converters. We have calculated f-factors by 

numeric integration of «. ;. 9 for W-converters of several thick

nesses. Our results are compared in fig. 7 with the f-factors 

tabulated by Lutz and Schultz ' for k/ko < 0.5 Eo and < 0.9 Eo. 

It seems that the tables of Lutz and Schultz are also valid for 

lower electro-energies, except for the larger angles. 

200 400 •00 BOO 1000 

Fig, 7: E6 as a function of the "Ausbeute faktor" f for Pt con
verter thicknesses of 0.02, 0,1 and 0.2 radiation length. 

t Calculated form. 9. x Ref 20, 
A Ref 20, k/ko < 0.9 

k/ko < 0.5 
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5. Photonuclear Reactions 

Three models have been proposed for nuclear reactions induced 

by photons: 10-50 MeV the giant resonance (GR) model, 50-300 MeV 

the quasi deuteron (QD) model and above 300 MeV the photo meson 

(PM) model. Fig. 8 shows the total cross sections for these 

reactions as a function of 

the mono energetic photon 

energy k. 

-tfiq. 8: Total photonuclear cross section 

divided by the atomic weight 

(millibarns/nucleon) as a function 

of the photonenergy k (ref. 22) . 

»HOrai Krt.BG" . > i w.v l 

5a._Glant_Resonance region 

In the GR region the electro magnetic photon wave is in reso

nance with an Induced oscillation of all the photons against the 

neutrons. This phenomenon results in a rather broad total 

cross section distribution, with some fine structure for low Z-

nuclei. 

The main reaction in the GR region is the (y,n) reaction, although 

for Z < 25 the (y,p) reaction has a cross section which is not 

much lower (this is illustrated in fig. 18). However, for some 

A = 4n nuclides the integrated (< 30 MeV) cross section for the 

(y,p) reaction is even higher than for the (y,n) reaction as is 

shown in fig. 9. At higher energies more nucleons can be emitted, 

but as a consequence of the shape of the bremsstrahlungspectra 

and the relatively high cross sections in the GR region, the (y,n) 

reaction is dominating at all electron energies« 
i« 

Fig. 9: The ratio of i*U.h)j«/J*0t>«) «*k 

up to "BCa (ref. 22) . 

http://Krt.BG
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The (Y,n) GR excitation function is almost Gaussian and is defined 

by the maximum cross section cr at the energy k and by the 
m m - * 

resonance width T. 
4/3 4/3 

The maximum cross section a increases with A ' : o = 0.45 A ' mb. 
" m -T/3 

The energy at maximum height k decreases from 60 A ' MeV to 

80 A~ 1 / 3 MeV for A < 100 and in 80 A-1//3 MeV for A > 100. 

The resonance width T is about 4 MeV for spherical nuclei and 
24) 

about 8 MeV for strongly deformed nuclei 
In fig. 10 an example of • B 0 

280 

the shape of the GR resonance • ^ 

curve is given for the (Y»n) j *oo 
12 7 T » 1 6 0 

reaction on ** I. • .„„ 
In the literature different ,\ so 

cross sections in the GR region 

are in use (table I): 

40 

o 
— { • — • » — > — - * — i — • — > — « — ^ — ; — » 

» I t \l 11 *fc * * * 

Fig. 10; Excitation function for the (y,n) reaction 
in the GR region for meno energetic 
photons for I27I (ref. 23). 

av: the cross section for a reaction at photon energy k 
4/3 a : the maximal cross section in the GR region: a - 2.2 A ' mb m 3 m 

a = °int *tot) '• t n e integrated (over resonance region) total 
photo neutron cross section • 

a. .(In): the integrated (over resonance region) single photo neutron 

cross section 

CF,: the Bremsstrahlung weighted cross section or the first moment 

of a (it takes into account the 1/k shape of the photon spec

trum) = ̂  #«S rfJL a 2*L ~ o.><, P,*;'^ 
L ft 

a_0: the second moment of a. = J '*i jfc a ^L^ ~ p,if R uk M*.v 

It can be proved that for an ideal 1/k spectrum o = a-i* 

Excitation functions in the GR region are compiled by Bulow and 
14) 24) 

Forkman and more recently by Berman 

5b. Quasi Deuteron region 

In the GR region the photon interacts with the nucleus as a 

whole, but at higher energies the photon wave length £X ~ 2F at 

100 MeV) becomes in the order of the distance between two neigh

bouring nucleons. It has been suggested that photons of higher 

energies (50-300 MeV) can be absorbed by a neutron-proton pair 

(a p-p or n-n pair has no dipole moment), named a "quasi"- deuteron 
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and it is assumed that both nucleons are closer together than in 

the deuteron ' . In a nucleus of atomic number A there exist 

NZ of these pairs and the cross section a_d for the quasi-deuteron 

reaction is given as: 

<V -i- it «* (10) 

a, being the cross section for the photo desintegration of the 

deuteron and L 4 constant. 
25) 

The value of L has been calculated by Levinger to be 6.4, but 
27 28) 

values of 4 and 10.3 (depending on A) have also be reported ' 

The value of a, as a function of energy is quite well known and 

can be represented by (see f.i. ref. 8,10): 

IX. I 

.* 
^= Ck" b (V >u>oV\0») 

There is a finite probability, that after the absorption of the 

photon by a quasi-denteron the proton or the neutron or both 

nucleons will not escape out of the nucleus. For a (yrnP) 

reaction in the QD region a , has to be multiplied by a factor 

P(x), which is the probability for the escape of both nucleons: 

**(*)* 4>L*-*V****o] ( ID 

in which x - 2R/X, 2R being the nuclear diameter (2R » 2.8 A1/,3F) 

and \ the mean free path of a nuclear in the nucleus (X - 3.6F). 

For A * 50 it can be calculated that P = 0.1. 
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5c. Photo Meson region 

At photon energies of about 300 and 700 MeV peaks can be seen 

in the excitation curves (fig.II ). It i- assumed that at these 

high energies the photo wave leng.h is in the order of the 

diameter of a single nucleon Nf and that the absorption can 

result in the emission of a pion: 

it 

The total cross section 

for the reaction 

Y + p -*• hadron is 

shown in fig. 11. 

Fig. 11: Total photoabsorption 

cross section for the 

reaction y + p -

hadion (ref. 30). 

The threshold for the single TT 

production is equal to the meson 

mass - 140 MeV. There is a 

finite probability that the pion 

formed will leave the nucleus. 

De Carvalho et al have cal

culated nuclear transparancies 

of different nuclei to pions as 

a function of their energies 

(fig. 12). 

The pions that are emitted from 

the nucleus will mainly not be 

absorbed in the target, because they 

are emitted with high kinetic 

energies. 

Pions that are reabsorbed in the 

nucleus will give rise to 

spallation reactions in which 

process many protons and neutrons 

are emitted, on the average in a 

ratio of 1 : 4, 

600 

50C 

400 

300 

200 

too 

f t i t 

0.5 1.0 1.5 
PHOTON ENERGY (GeV) 

2.0 

Fig. 12: Nuclear transparancies of 
different nuclei to TT~ as a function 
of the n" energy (ref. 31) . 
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The cross section per equivalent quantum, a , for a nucleus (Z,A) 

formed from the target isotoop A. can very well be calculated with 
32) the CDMD formula as given by Ruds tam and reviewed by Johns son 

and Lindgren 3 3' 3 4 J: 

in which: 

a is the total inelastic cross section: 
-q 1 13 
CJ = (-0.81 + 0.184 In E0)A* mb/equivalent quantum 

P defines the slope of the yield mass curve: 

P = 1460 El0*81 A~0*89 (E, = 600 MeV) 

P = 7.66 A~0,89 (E, > 600 MeV) 

R is the width of the yield mass curve: 

R = 11.8 A"0'45 

S = 0.486 

T * 0.00038 

Reactions that require little energies (e.g. ytn - y,2n - y,p) 

are not very well described by eq. 12. Direct processes (e.g. a 

reaction as 51V(Y,IT 2n)*fCr)are not included in the equation. 

CJ values for light fragment products \%%KL, 2*A1, a$Mg,27Mg, 
2l,Na/

22Na/
2'*Ne) are higher than those calculated with eq. 12. 

No conclusion can be drawn at the moment regarding the kind of 

process that is involved in the observed effects* However, no 
^ 35) 

deviation is found when the mean cross sections a are compared 
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"-ASS ' I M C H a 

- I- .,'^^-^? TO 

» / / AA/\ \ \ - ^ 
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''n *"> 40 i', 1,1 

tig. 13: Mass-yield distribution Fig. 14s Mass-yield distribution of 

of the cross-section per equivalent the mean cross section per photon 

at Ei > 1 GeV for 51V (energy range 0 . 3 - 1 GeV) in S 1V quantum 

(ref 35). (ref 35). 

In fig. 13 the mass yield distribution of a (Z,A) is given for 

Eo = 1 GeV in a SIV target. A similar plot is given in fig. 14 

for a t the mean cross section ( v = TCTk; is c o n s t a n t at 

higher energies, as will be discussed in chapter 7). 

Eq. 12 is also valid for mono-energetic photons and charged 

particles with the same values for P,R, S and T and with c: 
34) 

a, (mono-energetic photons of energy k) 2 0.3 A. nb 

a (protons) ~ 50 A*/3 mb 36) 

For instance: 

600 MeV on Cu: o^* Lf »A ^K c i» »*V «*r* $©• mk 
Pb: Y v ~ttJL~l S\» * 11"»I «*»r |*»w»V 

on 

Di Napoli et al 

section 5 : 
q 

in which: 
a = 4.26 + 0.09 

37) have given a formula for the mean cross 

V-{*WK**}«^-C(V«.)*J (13) 

a.« is the mean total cross section for the interaction of a 

photon with a free nucleon ; 

cL» * 258 pb 

K is the slope of *-.he yield surface ridge (the straight line in 

fig. 14): 

K * 1.32 for V - Co 
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A2 is the difference 

in the Z-values of 

the target and the 

produced isotope: 

AZ = Zfc - Zp 

C » 0.250+ 0.005 

A_ is the mass num- : 
P 
ber of the pro

duct isotope 

is the mass num

ber at the cen

ter of the stable 

valley: 

= {2.27+0.07)Z -

(2.20+0.09). 

s 

Pig. 15: as a function of(A - A ) for 96 

experimental values from photonuclear 
59 Co reactions on 51V, 55Mnf Fe, 

induced by 0,3 and 1 GeV electrons 

(ref. 37). 

Equation 12 describes very well the observed mean cross sections as 

can be seen in fig. 15, in which 96 experimental values are plotted. 

80% of the experimental cross sections are reproduced by eg. 13 

within a factor 1.5 and 95% within a factor of 2. Values for 
1$F, 22Na and 2*Na are reproduced within a factor of about 1.5 

6. Tertiary particles and photons 

Fig. 16 gives aq values for neutrons and charged particles that 

are emitted as tertiary particles by an electron accelerator as 

a function of A at Eo 3 450 MeV. 

In practice, the charged particles will not Influence radio 

isotope production rates, because they are mainly absorbed in the 

converter or deflected by a sweep magnet. Neutrons can give rise to 

(n,y) reactions, but they can also produce radio isotopes that are 

formed directly by photons eq. (n,2n) vs (y,n) and (n,p) vs (Y/TT ) . 
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Fig. 16: Yields of charged 

particles and neutrons 

as a function of the 

mass number for 

Eo = 450 MeV and thin 

targets (ref. 38). 

The total number of neutrons produced in a thick target is given 

by 
Nn = 9.3x ^(0.73+0.05) S"1 kW 1 39) 

This means that about 5x10 neutrons per second are produced in 

a thick Pb converter for a 250 kW electron beam. The number of 

very fast neutrons is estimated as 1.2 x 10 EoXo per electron, 

in which Eo is the electron energy in MeV and Xo the radiation-

length in g cm . The pulsed nature of this kind of neutro-

sources can be of special interest. 

Tertiary photons produced in the converter or in the target by 

the secondary bremsstrahlung can increase the yield of low energy 

photons induced reactions. This is illustrated in fig. 17, where 

the yields of some y,n reactions increase with increasing thickness 

of a Pb absorber placed between the converter and the target. 

fig. 17: Yields of some Y,n reaction as a 

function of the thickness of Pb-

absorber placed between converter 

and target relative to absorber 

thickness 0 (ref. 41) . 
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7. Production of radio isotopes 

The existing accelerators can be divided into two types: the 

synchrotron and the linear accelerator. 

The synchrotrons are equipped with a thin (<0.1 .) converter 

inside the ring and are therefore not optimized for isotope 

production. In fact, these machines are used for the measure

ment of o values. Linear accelerators with low energies (<100 MeV) 

are mainly equipped with infinitely thick converters that will 

stop all of the electrons. Generally these converters contains 

layers of a high Z-material and layers of water in such a sequence 

that there is optimal production of high energy photons but also 

adequate cooling. Such a facility makes it difficult to accurately 

calculate the bremsstrahlungspectrum, but it permits the target 

to be placed at a short distance (a few centimeters) from the 

converter. At higher energies a sweep magnet must be used otherwise 

the converter becomes to rigid. The disadvantage is that in this 

set up only thin converters can be used, because the radiation 

damage to the magnet must be limited/ and it has the consequence 

that the production rate is lowered. In the further discussion 

we will restrict ourselves to thin converters. 

It can be seen in fig. 2 that (for Z • 78, Pt) 

% *• is about 0.46 between 0.1 and 

1 GeV. For this energy region equation <8) can be written as: 

A« f t 4 . * « ^ « { » (>-*" %) * l»* <V * 5 * * } »& 

in which equation i»: 

A: activity at the end of the irradiation in mCi 

a : equivalent cross section in mb 
f: fraction of the total number of emitted photons that hits the 

target 

t. : irradiation time; 
-2 p: converter thickness in g cm 

q: average beam current in yA 
-2 

r: weight target element in g cm 

M: target mass number 

a: isotope abundance 
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(15) 

If we define "standard conditions" as follows: 

beam current: luA electrons 

irradiation time: infinite (t, >> t, ) 
-2 b ' converter: 1 g cm 

-2 
target: 1 mol cjn , abundance = 1 
a : cross section in mb 
q 
equation (8) and (14) can be written as: 

The activity produced by a 1 uA beam of protons©•a target of 
_2 

1 mol cm is calculated for an infinitely long irradiation time 

(under the assumption that the proton energy is constant through 

the target} as: 

/U r r__- a \Ol ^w T»I U 

Usi'ig the total cross section a and 5 as given in section 5c, 
P q 

the ratio of the isotope production rates for protons and 
bremsstrahlung under "standard conditions" at 600 MeV (taking 

f = 1 and assuming that equation (10) can be used for the calcu

lation of individual yields both for protons and bremsstrahlung) is: 

r~ n AP/a 102 „ 800 .-. 
for Cu: ^ A ^ - i o x ̂  = 124 

* T>U Ap/. 102 1750 „ 
for Pb: P'A^ = T n x 1 5 ! = 7 2 

As can be »een in fig. 3, the maximum number of photons is 

about a factor of 4 larger than the number produced by a converter 
-2 

of 0.16Xo(~ 1 g cm Pt), which means that radio isotope production 

with protons is a factor of 20-50 more efficient per IJA than 

the production with electrons at optimal converter thicknesses. 
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7a. Production in the GR region 

Depending on the accuracy with which the activity A mustbe kncwn *««1 

on the available information on c, or a , several simple methods 

can be used for the calculation of A and we will compare these 

methods using the l 2 7I(Y,n) 1 2 EI reaction at E 0 = 36 MeV as an 

example. 

rtfc 

(̂ C. i • t z ^ . ^ J ^ » * ^ u at 36 MeVf 
the value of 16.3 in equation (15) is 14.6 at 36 MeV). 

a} Numeric integration over the resonance region: 

(ref 13, pg. 483), with afc from ref. 42 and fig. 9 and 4 

from ref. 15: 

k 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

*k 

40 

60 

95 

170 

270 

305 

280 

180 

90 

50 

20 

•k 

0.48 

0.47 

0.46 

0.45 

0.44 

0.43 

0.42 

0.41 

0.40 

0.39 

0.39 

V k 
k 

1.92 

2.56 

3.64 

5.88 

8.49 

8.74 

7.35 

4.34 

2.00 

1.02 

0.39 

46.33 

b)Taking a„ - 125 mb from ref. 30: q 
A - 14.6 f x 125 mCi = 1.82 fCi . 
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c) Assuming cr = o (section 5a) and with o_, » 105 nb (29.5 MeV) 

and 128 mb (24.9 MeV), averaged 116 nb (ref. 24): 

A = 14.fi f x 116 mCi - l.fi9 f Ci 

d) Using the approximation 5-1 • 0.16 A 4/3 102 mb: 

A * 14.6 f x 102 nCi - 1.49 f Ci 

e) |(Z,Ei,k) does not change very much over the entire reso

nance region. Taking a value of 0.41 at the energy for which 

a. reaches its maximum (15 MeV) 

A = IH JK 

.*. 
with J*;dk-^i£*«) = IMI* M»V~W , a n average value from 

ref (24k A » 0.97 f x 1443 raCi = 1.40 f Ct. 

f) Assuming a triangularly shaped excitation function with 

a „ =•= 0.45 A4/3 - 287 mb max _ /3 
E „ • 80 A 1/'* * 15.9 MeV max 
r = 6 MeV 

results in: A = 14.6 x 6 ij |
8 7 • 1.58 f Ci. 

In fig. 18 saturation yields 

are given for 60 MeV elec

trons on an infinitely thick 

target for 9 different reac

tions. The vertical scale can 

be transformed in cr values: 
.5 „,-lVl 1 å 1.5 x 10 mol * 1 mb. 

Fig.18: Reaction yields in des

integrations mol R as a func

tion of the atomic number for 

60 MeV electrons on a 3mm Ft 

converter (ref. 43). 

i - l — i — i — i — i — i I r ^ ' 
I O 2 0 3 0 4 0 S 0 e 0 1 O S O M ( O O 

ATOMIC NUMNR, Z 

http://14.fi


- 24 

7b, Production in the PM region 

Cross sections are scarcely known at higher energies and the 

only way to calculate isotope production rates is to calculate 

a for spallation reactions using the formula of Rudstarn (eg. 12) 

The value of J £ H * * * ) ^ does not change very much between 
100 MeV(0.442) and 1 GeV (0.470) and accepting an average value 

of 0.465, eq. 14 can be written for "standard conditions" as: 

A = 16.3 f a m Ci (eq. 15) 

8. Dose calculations 

It is often convenient to know not only the amount of radio

activity produced in a target, but also the total dose (or dose 

rate) that the target has received. At low photonenergies 

(k < 2 MeV) the dose in a thin target can be calculated by: 

D = 1.60 x 10-8 n.. k . u rad (16) 
K fc a 

in which k is the photonenergy in MeV, n, the number of photons 
2-1 with energy k and u the mass absorption coefficient in cm g 

k a 

at energy k. 

In many experiments an exposure is measured with a Victoreen 

thimble ionization chamber encased in a thick box of low Z 
44) 

material . If electronic equilibrium exists the exposure in 
R is given by: 

X SB^T87 * S~ (17) 

m 

in which S and S are the stopping powers in air resp. in the 

material surrounding the counter and D the absorbed dose in rad. 

{".'he average energy for the creation of an ion pair in air has 

been taken as 33.7 eV). 

Is has been mentioned that electronic equilibrium does not exist 
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above 2 MeV, which means that Measurements in rontgens become 

impractical . As will be discussed in the next section, it 

is sometir.es practical to express radio isotope production in 

terms of exposure as measured f.i. with a Victoreen thimble 

chamber. Targets and the Victoreen chamber must be irradiated 

under the same conditions: if the chamber is placed in a Lucite 

box, the samples must be irradiated in a similar box 45^. The dose 

received by a target in a bremsstrahlung beam depends on the Z, 

the thickness and the radius of this target. Increasing the thick

ness of the target gives an increase in the energy loss (build-up) 

and after a maximum has been reached the energy loss decreases 

(photonabsorption). This is illustrated in fig. 19 for a brems

strahlung beam produced by 330 MeV electrons on a 0.5 mm Pt 
46) 

converter . The ionization was measured with a thin ionization 

chamber. 

M D H H O H LENGTHS 

fig. 19: Total ionisation in C, Al, Cu and Pb as a function of 

the radiation length for a bremsstrahlung beam produced 

by 330 MeV electrons in a 0.5 mm Pt converter (ref. 46). 

An increase in dose has also been measured for bremsstrahlung 

beams produced by 20 and 100 MeV electrons on thick converters of 
47) Tantalum (fig. 20) '. The measurements were performed with 

LiF- thermoluminecense dosimeters in a PMM {pol ymethylmetacryla-fce) 

phantom, (This material is almost tissue-equivalent). 

http://sometir.es


Pig. 20: Dose in a PMM phantom as a function of the depth for a bremsstrahlung 

beam produced by a) 20 MeV electrons on 12.9 gem" TA b) 100 MeV electrons 
-2 

on 67.92 gem Ta. (ref 47). 

The target thickness where the dose is at a maximum in the energy 
A A ̂ 

loss curve for a bremsstrahlung beam is given by Murata as: 
X„av(in rad. lengths) » In (§*-> -1 max t 

in which E is the critical energy. 

As has been discussed before (fig. 17) the amount of radio isotopes 

produced increases initially with an increase in target thickness. 

However, both the target thickness at the maximum, and the ratio 

between the height of the maximum and the height at zero thickness 

are different for isotope production and for bremsstrahlung 

energy loss in the target. In spite of all the above arguments, 

it will be shown that with a very simple calculation for the total 

dose rate reasonable agreement can be obtained between calculated 

and measured radio isotope yields expressed in unit ionization 

chamber response. 

If equation (16) is also used.at higher energies the dose received 

by a target in a bremsstrahlung beam is given as; 
». 
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(f is the fraction of the total number of emitted photons that 

hit the target) . In combination with equation (7) the dose rate 

delivered to a target from the bremsstrahlung produced by a 

1 jiA elec 

given as: -

—2 
1 yA electron beam of energy Eo on a 1 g cm Pt converter is then 

i* ai*w4 { Jjfcz.l)^ M *-*•/*,> „/ 

Taking <t> as an average value for 4>{Z,E,ko) a n d Ua as an average 

value for j-P f this equation can be written as: 

"2> -= 2.1 KIO | 4 } * * E0 A.»^ mi 
- - 2-1 

For Eo < 100 MeV, taking 41 « 0.40 and yft in air as 0.0134 cm g , 

the dose rate in air under "standard" conditions is than *jiven 

as: 

T> s m x 10" J E; r.,i •*;*-'- (18a> 

and for a target with an average absorption coefficient \i as: 
*c a 

J o.o^q (18b) 

Under the assumption that a Lucite box is used with the Victoreen 
45) chamber (Sm/Sa - 1.02) ', the exposure rate X can be derived from 

eq. (17) and (18): 

X = 1.3 x 104 f E, R min"1 (19) 

The radio isotope yield at saturation for Eo < 100 under standard 

irradiation conditions can be derived from equation (15) (taking 

$ - 0.40 instead of the value of 0.46 at higher energies) as: 
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The produced activity per rontgen is then given by: 

A _ 
i 

6 aa 2.44 x 10 ^ desintegrations per mol per rontgen 

(20) 

Within 10-20% this equation is in good agreement with experimental 
49) 

values derived from the curves given in fig. 21 (table II). 

10 

re 

E <tf 

to' 

\r A. 

\ 
4-

— . C u 

—•— Cu 

10 

E 

/ / 

Mosaikt 

+ 

iO1*?.. >AO?.T.-

»0 

-i—Li .1 m i l i i i i io _ 
20 40 60 )00 200 500 

Erma*(M«V) 
20 40 60 100 200 600 

Efma« ( MtV ) 

Fig. 21: Yield curves given in desintegration per mol per 

rontgen (21a) and in a (21b) (ref. 49). 
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9. How to express radio isotope production yields 

The yields of radio isotopes produced by energetic ions are 

mainly expressed for thin targets in terms of the cross section 

and for infinetely thick targets in terms of the "thick target 

yield". For isotope production with bremsstrahlung beams, the 

yields are expressed in several units. 

a. The most convenient method is to present the yields in terms 

of a t the cross section per equivalent quantum. The number 

of equivalent quanta Q can be calculated if the bremsstrahlung-

spectrum is known (section 2). Q can also be accurately measured 
52) with a NBS-P2 ionization chamber or with a Wilson type 

chamber . These chambers are mainly used with very strongly 

collimated beams, to prevent side escape of secondary radiations 

from the counter. 

b. Linear electron accelerators at energies below 100 MeV are 

often equipped with thick converters in which the electrons 

are completely stopped. The bremsstrahlungspectrum is not 

very well known and the above mentioned ionization chambers 

are not very well suited for these photon beams. As has been 

discussed in the foregoing section, the yields are often ex

pressed in desintegrations"per mol per rontgen", the exposure 

measured with a Victoreen ionization chamber. A disadvantage 

of the method is that the chamber and samples must be placed 

in a Lucite box and that the yield curves decrease at higher 

energies (fig. 21a), whereas the absolute yields increase 

(fig. 21b). It is however possible to calibrate monitor foils 

with this kind of set up and to use them for irradiations without 

a Lucite box. 

c. For a standard experimental set up, the yield can also be 

expressed in desintegration "per gram per Coulomb (or uAh) 
54) 

of the integrated electron beam" 
d. Monitor foils are often used for the calibration of brems-

55) 
strahlung beams. Kato has related the yields for (y,xp yn) 

reactions to the yield of the (y,n) reaction in the same target. 
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It is however more convenient to use monitors for which the 

Q value, or the desintegrations per mol per rontgen" are very 

well known. At low energy, the following reactions are in 
49,56,57,58) use : 

1. iaC(Y,n)11C, mainly above 30 MeV. This monitor can only be 

used for relatively short Irradiation times. 

2. *3Cu(Y#n)S2Cu and t5Cu(y#n)'*Cu have been used for 30-60 MeV. 

3. 55Mn(Y/n)5*Mn at 20 MeV. 

kt higher energies: 

1. ,3C(T,n)nC, for which reaction the cross section is known up 

t o l G e V 5 0 ' 5 9 > . 

2. 2 7A1 (y#2pn) 2**Na, for which reaction the cross section has been 

measured by many investigators between 0.1 GeV and 5 GeV 

3. The production of n F , 22Na and 2*Na from low Z targets 

(11 s Z = 20) ' between 0.3 and 1 GeV can be convenient for 

monitoring purposes because these three isotope, have very 

different half lifes and can be used for short as well as for 

long irradiation times. 

4. 51V can become very useful as a monitor at higher energies. 

Whereas (y ,n) f [y, 2n), (YrP) and (Y/d) reactions do not 

produce a measurable amount of radio active isotopes, many *" 

spallation products can easily be measured. Furthermore, this 

element has been studied by many investigators ' and the 

<7 values are quite well known. 

5. 5'Ni(Y/n)57Ni is a very convenient monitor reaction at all 

energies: it has a good half life (36 h) , emits a single gamma 

of 1.38 MeV with almost no other activities, so it can be re

used after some weeks. The production of STNi has already be 
64) recommanded by us for monitoring proton and alpha beams 
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Table I 

Cross sections (e.s.) in use for photonuclear reactions. 

<**4 * Aotr/Z^Ufitji"^) 

«"* 

<**„, ~ ©.M* &****> 
-It. M 7 

^«v (>) 

^f^^^^^^V^" 
*4 

<r*4 ' L 5f r4 

^ . [ ».*» -»»»«i U £ ] A* 

•V fm --»I z-** *Tir 1*2 

_ kJ1 '*** 
> 7 >*-*-*" 

*.. l-fcA"! -h f-^CV^W 

v -15 ^ 

Radiative c.s. 

C.s. for the reaction at photon-

energy k. 

Maximum c.s. in the GR region. 

Integrated (over GR region) total c.s, 

Integrated (over GR region) single 

photoneutron c.s. 

Bremsstrahlung weighted c.s. (first 

moment of a ). i 

Second moment of a. . 

C.s. for deuteron desintegration. 

C.s. for Q.D. Reaction. I 

Total inelastic c.s. per eq. quantum. ; 

C.s. per equivalent quant'im 

for spallation (ref. 31). ' 

C.s. per equivalent quantum 

(a = o_1 for a 1/k spectrum). 

Mean c.s. 

Mean c.s. for spallation. 

Mean total c.s. for a free nucleon. 



- 32 -

Table II 

Calculated and measured yields in 

desintegrations per mol per rontgen. 

Calculated: ea. (20) Measured: ref. 49. 

E (MeV) 

30 

50 

100 

l 2C(Y,n) l lC 

a Calc. Meas. 

1.6 l.SxlO5 l.OxlO5 

2.27 1.0 1.2 

2.75 0.63 0.70 

• 3Cu( Y,n)*
2Cu 

o Calc. Meas. 

37 28xl05 27xl05 

42 19 21 

48 11 11 
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