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INTRODUCTION

Magnesium is a biologically essential element. Various types of energy

transfer through ATP need, for example, enzymes activated by magnesium.

Deficiency of magnesium causes severe nutritive failures in several

mammals, including man, and increased irritability of the nervous system.

The mechanisms of magnesium uptake are not very well known but are ex-

pected to be of fundamental importance in different pathological states

(1). One difficulty, in this field of research, is the lack of a readily

available and suitable radioactive isotope of magnesium. The only one

with a half-life long enough for practical use is T % (T-j^ = 21.1 h ) .

Since it is far from the stability line it can not easily be produced in

reactors by neutron capture, but preferrably by charged particle reactions.

In a reactor this could be achieved in a two-step nuclear reaction

(6Li(n,t)ltHe; 26^(t,p)28hfe) but with a low yield. Irradiation with tri-

tium in an accelerator can be used to reach higher specific activities

(2). Enriched target-material could be used to get a still higher specific

activity but in some experiments the unavoidable carrier amount could be
28a severe draw-back. Carrier-free preparation of Mg is reported using

30photonuclear reactions on Si with very low yield (3), 160 MeV protons

on KC1 CO and 155 MeV alfas on Al (5), where the last two methods seem

to yield clinically useful activity amounts. A review of different produc-

tion methods is given by Probst et al. (5).

The aim of this work has been to investigate the possible use of high

energy proton bombardment of silicon, phosphorous, sulphur, chlorine,
28

argon or potassium for production of carrier-free fig. A chemical sepa-

ration is essential in this preparation in order to get rid of the bulk

of target material and contaminating radionuclides. A simple and effi-
28

cient method to get carrier-free tig with neglectible amounts of radio-

chemical impurities has been established.



MATERIAL AND METHODS

Target preparation and irradiation

300 ng of dried target irate rial, specified in Table I, containing P, S,

Cl and K, were ground and pressad to cylindrical pellets (0 = 13.0 mm

height % 1 nnO at a pressure- of 8000 kp/on . 0.10 ran thick Al-foils were

placed on each side of the trop^t and were Then cut together in a way

that the irradiating protons hal to penetrate both the pellet and the

Al-foils. All the chemicals contained neglectible amounts of iitpurities

(pro analysi ).

0.4 nm thick foils of ultrapure "letallic Si T--re i^urrted with Al-foils

in the same way as described abo\ -, The irradiations were carried out

in the internal proton beam of th^ Uppsala 230 ai; synchrocyclotron at

different radii corresponding to -/ircton energies of 50-160 MeV and at

beam currents cf 1.3-1.6 viA. Tha targets were mounted in a water cooled

target holder. The target irateria." .> were choccn tc> be able to stand the

heat evolved durin" irradiation.

The irradiation of t.v, vhl •".. cc.." -J si V. nr.-is in the internal beam, was

carried out in a ccr.:vh'.t difJc_- '. .y. r;.,̂ ht plastic flasks with par-

allell valls (thickn̂ ::.: or t;î  w«llr, 1 r;.n and 1.5 ntn, distance between

walls 15 ram) were mourn.<-d together v.'-c.i 1.0 nm thick Al inbetween and

in front of the flasks. This arrar^^:. •".t -;as kept in liquid nitrogen

and argon was frozen out in the fis:::- •:,

The irr-adiation was then carried out

teV, 1.6 nA) during 30 irir-.. whil-j V. ;,
2

area was 4x4 cm and the external ::• \

graphy was carried out on "he A1-1-;.:;

within the target volume. The ei.c. v/

trated by the protons were calcu].<.--.v-*-

middle of the flasks taken ?:- v-\.- •;.:

:J; the external proton beam (180

': in liquid nitrogen. The target

: diameter less than 2 cm. Autoradio-

•';.:' to verify that the beam had hit

;.ocses in different materials pene-

(6) and the prexon energy in the

::rin2 the irradiation energy.

Measurements and calculation

A Ge(Li)-detector with a a^xr/J:

channel pulse height analyzer v

emanating from the targets. 1Y~

; v«.lumo of 70 cm together with a 512-

• a:, -.d to identify tne different photons

ou-,t.ing efficiency ar different photon

energies and at different di:/\;r;.-- from the detector was determined

using the "Gaimvi Reference 5ô .-.. supplied by the Radiochemical



3

Center, Amersham, England. The photon spectra were manually evaluated.

28
The nuclides of interest, Mg and the rrain radiochemical disturbances
7 2o 24
Be and ~Na and Na, were identified, using their tabulated nuclear

data (7), in all the irradiated targets.

24
The Al-foils surrounding the targets wer-2 measured for Na-activity

27 24

using the known cross-section of Ai(p,3pn) Na as a momtormg reac-

tion for the beam current (fi,9).

The targets of pressed pellets were all readily dissolved in water tc-

gether with carrier of Mg . NaOH was added which caused a precipitation

of Mg (0H)2 containing all the Mg-activity while most of the *Na-

activity remained in the supernatant. TTfc precipitate was dissolved in

diluted HC1 to the same volume as the supernatant but as it contained

less radioactivity it was measured closer to the detector. The Al-foils

wer«° measured at a constant distance from the detector to yield the-

relative activity in the foils. Some of the foils were then dissolved

in 3 M NaOH to the same volume as in the test tubes containing the tar-

get fractions and ro&iiuren in the same positions as these fractions. The

Al-foil measurements r,vere then recalculated to the measuring distances

of the target fractions. Tne Si-targets and related Al-foils were mea-

sured intact in the same position.

The Ar-targets were slowly warmed to allow the argon to evaporate. The

gas passed through a watertrap in order to check that no activity losses

occurred. The flasks were t»en filled to the same height with water and

measured close to the detector. Dae to the low activity in the Al-bricks

they were measured with a MaI(Tl)-detector (3" x 2") to yield their re-

lative activity together with a smaller Al-foil. This foil was .dissolved in

3M NaOH to the same volume as in the flasks containing the targets and

measured in the same position in order to relate the measurements of

targets and Al-bricks.

All the measurements were made at leaf1 three different times. The mea-

surements were compensated for' the cherricaJ composition of the target,

the irradiation and measuring times and the decay inbetween, the photon

abundance and the detected efficiency. 7he Al-foil measurements were

used to normalize the target measurements and the kiiown cross-sections
27 24 28

of Al(p,3pn) Na us-ed to calculate the absolute cross-sections for Mg,
Na and in some cases Be production. The cross-sect ions for 2\'a- and



Mg-producticn were plotted as a function of energy. Activity yields

for thick targets were calculated, with tne aid of the cross-sections
28

for ^-production, and plotted.

Chemical separation

The carrier-free preparation of ~ Mg was mainly carried out using NaCI

as target iraterial. Other target materials as phosphorous, alucdniun etc.

necessitate a change in momer.t a ) , otherwise the following separation

scheme is applicable:

a) The target was dissolved in 6 ml 3 M NaOH.

b) 2 x 1 ml 0.01 M FeCl3 was added.

c) After centrifugation the precipitate was dissolved in a few

drops of concentrated HC1.

d) 6 ml 3 M NaOH was added.

e) Moments c), d) and c) were repeated.

f) The solution was put on on ion exchanger (Dower 1 x 8 , 200-HCO mesh)

eluated with concentrated HC1 in order tc remove Fe .
28 ++

g) The concentrated HCl-fraction containing Mg was boiled tc dryness.
h) ++ was dissolved in saline and sterile filtered.

In order tc test the separation between beryllium and magnesium by this

method as a function of NaOH concentration an irradiated target was

divided into 7 testtubes. 2 ml 0.01 M FeCl, was added to each tube and

6 ml of NaOH of varying concentration was added (D.01, 0.1, 1, 2, 5, 8

and 10 moles/1). After centrifugation the supernatant and the precipi-
7 ?fi

tate were measured for Be- and Mg-activity arid the percent found in

the precipitate plotted as a /'.ration of NaOH concentration. The same

procedure was also tested with the difference that the NaOH was added

first, then the



RF.SUUTS AND DISCUSSION

ffeasurements

The Al-foils mounted on each sid« cf the target were measured separately.

The activity in the foil facing the proton beam was consequently found

to be higher than in the other Al-foil. The ratio between the two foils

were calculated and is given in Table II. We find that at 50 MeV the

ratio is rather high due to the fast change in the cross-section of

Al(p,3pn) Na. For Si the ratio is small, which probably is due to

that these targets were thinner (0.4 mrOfchn the other (̂  1 mm) and the

metallic Si was easy to mount reproducible with the Al-foils.

The spread in the ratio of the measurements of the Al-foils (8-9 %) is

due to the difficulties to shape the edge of the target such that the

internal proton beam will hit the Al-foils and the target in a repro-

ducible way. The same error can be estimated to be true for the target

irradiations as well. The energy calibration of the detector, the mea-

surements, the evaluations of the spectra and the errors in the monitor

cross-sections all contributed to an overall error in the measurement of

the absolute cross-section values less than - 15 %.

The Al-monitor values used to normalize the target measurements were

taken as a mean of the two Al-foil measurements.

Excitation functions

28,,The excitation functions for production cf Mg from P, S, Cl and K are

given in Fig. 1. They rise very steeply from 50-70 MeV up to 80-100 MeV

where they seem to reach a plateau. In the litterature exitation func-
31 ?S 28

tions are given for P(p,3p) 'Mg and S.p,5p) Mg (10) in the energy

range 130-100 McV. These measurements conform the plateau and the cross

sections for these reactions is constant or rise very slowly after 100

MeV.

Measurements of the production cross 'sections of Mg from Cl in the

energy range of 60-160 MsV protons has been reported (4). If one com-

pares the excitation function found :.n that work with the one found

in this work one finds a fairly good agreement in the shape but a dis-

crepancy of a factor 5 in the absolute values.



The excitation functions for Kg production from Si and Ar are given

in Fig. 2. The one for Si reaches a plateau at a rather low energy.

An irradiation at 25 f-feV was done but is not included in the figure
21 24

since the monitor reaction used ( Al(p,3pn) Na) does net work at

this energy. However, practically no Mg or Na activities were found

at this energy. Excitation function measurements for Si(p,3p) Mg

in the energy range 130-400 MeV found in the literature (10) have been

used for comparison,

28
The excitation function for Mg production from Ar is quite different

from the other since it seems to rise slowly from low energies towards

higher without reaching any plateau.

Values for cross sections found in the literature have been compared to

those found in this work in Table III. The value for 31P(p,4p) ^ g

at 130 MeV is in very good agreement while the others are not. This could

probably be explained by that the Si has a low abundance -and S has a
On

very low cross section yielding relatively low activities of Mg in

the targets which might have caused problems in the counting techniques

used in previous work.
on

Cross section values for Mg production are rare in the literature. More
?4

commonly found are- values for Na production and these values were also

compared (Table III). We find here an excellent agreement except for

potassium where we have a much higher value in this report. This could
24be explained by that Ma might have been implanted from Al-foils sur-

24
rounding the target and thus giving wrong Na-activity in the targets.

The excitation curves for Na production are given in Fig. 3.

28
Mg-production

Thick target yeilds are presented in Fig.u. 'Si yields the highest

activity amount but is of course impossible to us>- due to economical

reasons. Phosphorous is the second best arid could be used in external

irradiations. In internal irradiations pure phosphorous is difficult

to handle due to heating problems and chemicals able to stand the heat

contain phosphorous only to a small extent.

Argon could be possible to use in cm external beam giving a simple

chemical process aft-rwards.



Chlorides offer suitable target rrntcriais for internal beam irradiations

such as LiC, IfaCl and KC1. The problem co be considered in an internal

irradiation is to get as many chlorine atorcs as possible in a fix volume.

There is in this context vary little difference between the roast conrion

salts containing chloride. We therefore: usud NaCI in the production runs

yielding around 1

In some production runs the cyclotron in Stockholm was used. The reac-

tion used then was 2/Al(c.,3p)2jN^ at 55 NfcV.

Chemical separation

The photon-emitting radio impurities of importance are Be, ~^Na, Na
18

and, if the magnesium is to be used shortly after irradiation, F.

If Chlorine, argon or potassium are used, beta-emitting radio-nuclides

like P, P and '5S have to be considered.

The dissolving of the target wa~; depending on the material. Phosphorous

was dissolved in hot nitric acid. MaCl in water or 3 M NaOH and Al in

10 M NaOH. After this step ti.-j separation scheme in Material and methods

could be applied tc all target". Only the separation from NaCI has

been studied in detail but thi rccults are probably true for other tar-

get materials as well.

Mast methods of Eeparatin , Mg frcT.i other elements include the use of a

cation exchanger, which is e very 'fficient way for all elements except

for beryllium. Beryllium could b2 fully separated from Mg by a cation

exchanger but that demand.: a rat har large column and large elutation

volumes which is both tiir/ico;v;r.rT,:.r!̂  and impractical.

By cooprecipitating Mg with FeCOU), in strong alkali one gets a sepa-

ration of magnesium and berylliun sine^ beryllium is not fully coopre-

cipitated. The degree of separation as a function of NaOH concentration

is given in Fig. 5. The loss of magnesium at higher concentration is

due to the high viscosity of these solutions which makes it difficult

to centrifuge the Fc(OH).,. When Ai-targets were used they were dis-

solveu in 8 ml 10 H NaOH which war; warned in order' to facilitate the

centrifuging of the precipitate.

The amounts cf different photon rmittin;? radio nuulides in different

fractions are given in Tabi/j IV.



The magnesium fractions were Treasured before delivery to the hospital

and no trace of 'Be, Na and F could then be seen. Aliquotes of

some of the preparations were saved and checked 2-4 weeks after allo-

wing the fig to decay. Less than 0.3 % cf total Be was found and

no 22Na.

In some cases the samples were checked for beta radiation by liquid
35 32scintillation technique. Only traces of S and P were found in the

order of less than 5 nCi in a magnesium sample of 50 uCi after end

of bombardment. This contamination could probably be lowered by boi-

ling in nitric acid after the first precipitation in order to fully

oxidize to sulphate and phosphates. This could then be separated on

an anion exchanger eluated with water or diluted HC1 (< 0.2 M). Con-

ditioning the ion exchanger by cone. HC1 will remove the sulphates and

phosphates and the same ion exchanger could then be used for removing

the Fe in the final step.
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Figure captions.

Fig. 1. Excitation functions for the production cf !£ from

Excitation functions for the production of "Tr frcr.

Si and Ar.

Fig. 3.

Fir.

Excitation functions for the production of

Si-, ?, S- Cl, Ar ana K.

from

Thick target yields for the production of
28
!

Fig. 5. Degree of separation between ira^nesiun end beryllium

as a function of fiaCiil-concentration.
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Table I Target and irradiation characteristics

Element

Al

Si

P

S

Cl

Ar

K

Chemical form

Metallic

_»_

N a4 P2°7 P r e s s e d P0W(ter
Na2S04

LiCl

Frozen solid in liquid
nitrogen

KpCO-j pressed powder

Density
(g/cm3) (g/cm )

2.703

2.33

0.226

0.226

0.226

1.40

0.226

Thickness of target
(cm)

0.010, 0.1

0.040

»0.1

M 0.1

»0.1

1.5

MO.1



Table II Activity ratio between Al-foils placed before and behind

the targets.

Proton Target materials
energy
(MeV) Si NaP207 tNa2SO4 LiCl K2C0j

50 1.15 1.58 1.35

65

75 1.02 1.04 1.08

SO

87.5

100 1.03 1.04 1.07

112.5

120

125 1.01 1.06

140 1,01 1,07

150 1.01 1.17 1.02

155 1.02

160 1.14

1.42

1.05

1.22

1.29

1.01

1.24

1.58

1,11

1.07

1.21



Table III Comparison between cross-section values found in the literature and in this work.

Reaction

30Si(p,3p)28Mg
31P(p,4p)28Mg

S(p,5pn)28Mg

Si(p.llp xn)7Be

Si(p,4p xn)24Na

Si(p,4p xn)24Na

P(p,5p3n)24Na

S(p,6pxn)24Na

Cl(p,7pxn)24Na

K(p,9pxn)24Na

Energy (MeV)

130

130

130

48

48

100

100

100

100

100

This work

0.86 * 0 . »Ö

0.190*. 0 >2%

0.036- 0-OS

0.245*^-^37

0.52«-i 0.01-h

2.90 - C-' ^W

4.50 t ö-i>7

0.980 i (3 'tf

0.83 * O-iö

0.22 i Ö-Äi

Literature

2.05 ± 0.46

0.189 i 0.022

0.00431 •- 0.00206

0.230+- 0.060

0.720 1 0.160

2.92

3.98

1.01

0.669

0.0446

Ref.

10

10

10

11

11

12

12

12

12

12



23/11 29/11 14/12 15/12 21/12

Mean

value

Standard

deviation

Be Na Be Na Be Na Be Na Be Na Be Na Be Na

Supernatant

Supernatant

Supernatant

1

2

3

97

2

0

.13

.45

.20

93

5

0

.50

,31

.19

99

0

.37

,63

0

95

3

0

.42

,91

.20

99,

0,

0

10

91

91

5

0

,26

.13

,78

98

1

.58

.42

0

84

10

1

.7

.8

,5

98

1

.93

.07

0

98

1

0

.19

.59

.09

99.

0.

0

37

63

93

4

0

.3

.7

,55

99

0

,07

.93

0

5

3

0

,5

,6

.59

0,

0,

0

33

33

Ion exchange 0,18 0,90 0 0,22 0 1,50 0 1,6 0 0,09 0 0,72 0 0,76 0
column

Activity
stuck to
plastic tu-
be walls

0,04 0,10 0 0,25 0 1,34 0 1,4 0 0,04 0 0.61 0 0,70 0

Table IV. Amount of photonemitting radionuclides in different fractions during chemical separation

of Mg. Values are given in percent.


