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The yields of heavy arsenic isotopes produced by bombarding germanium with 120, 300, 480, 
and 660-MeV protons are determined by a radiochemical method. With increasing proton en
ergy all yields decrease monotonically; for the As 74 nucleus the yield is between 3.4 and 1.0 
mb, for As 76 between 1.0 and 0.38 mb, and for As 77 and As 78 between 0.13 and 0.035 mb. 
The mechanism for the production of As 74 and As 76 is apparently the primary (p, xn) re
action. The As 78 isotope is apparently produced as a result of the capture of superbarrier 
tritium nuclei. The origin of the As 77 isotope is more complex. At low proton energies 
( 120 and 300 MeV) it is produced mainly as a result of the secondary capture of deuterium 
and tritium. At higher proton energies most of this isotope is apparently obtained as are
sult of secondary reactions of a-particle capture. 

INTRODUCTION 

up to now it has been possible to observe in 
radiochemical investigations of "secondary" re
actions [1- 9] capture reactions of superbarrier a 
particles, [ 1-7] lithium nuclei, [ 1- 5•8•9] and some
times beryllium nuclei. [Z] It would be interesting 
to attempt to extend the range of observable reac
tions, in particular to study the features of the cap
ture reactions of superbarrier deuterium and tri
tium nuclei. Experiment shows that high -energy 
deuterium and tritium nuclei are emitted quite 
often in the bombardment of compound nuclei by 
ultrafast protons, [10•11] and consequently possibil
ities exist for secondary capture reactions of such 
fragments. 

Just as in the investigation of secondary reac
tions, the effects expected here are small; for this 
reason such experiments require the irradiation of 
extremely pure materials and particular care in 
the chemical separation and purification operations. 
Another difficulty inherent in such experiments is 
the fact that the primary ( p, xn) reactions ( x = 1, 2 
is the number of emitted neutrons), whose yields 
exceed the cross sections of the sought products 
by a factor of 100 or more, interfere to a large 
extent with the observation of the capture reactions 
of singly-charged fragments. This explains the spe
cific requirements regarding the choice of the ir
radiated element, and the method of registration 
of the reaction products. 

1. EXPERIMENTAL METHOD 

Because of its high purity, we chose as the ir
radiated element germanium used in the production 
of semiconductors. The element sought in this case 
was arsenic. The interfering (p, xn) reactions 
yield neutron -deficient arsenic isotopes (from As 70 

to As 74 ), the latter being produced from all the 
stable isotopes of germanium. At the same time 
one can expect the production of heavy arsenic iso
topes (As 76 - 78 ) chiefly from the secondary capture 
reactions of deuterium and tritium by the Ge74 and 
Ge76 isotopes. The natural abundance of Ge 74 and 
Ge 76 amounts to 36.7 and 7. 7 percent respectively, 
and the contributions of secondary reactions can 
still be appreciable. 

Samples of powdered germanium weighing 0.2-
0.5 g were packed in aluminum foil, and irradiated 
in the internal proton beam of the synchrocyclotron 
of the Joint Institute for Nuclear Research. The 
energy of the bombarding protons was changed by 
setting up the samples on proton orbits of different 
radii. The time of irradiation usually amounted to 
about 1 hour. After irradiation, the germanium 
samples were dissolved in aqua regia into which 
10 mg As V and hold-back carriers were previously 
introduced. The solution was transferred into a 
hydrochloric solution by evaporation with concen
trated hydrochloric acid. In the course of this a 
considerable part of the germanium was distilled 
in the form of GeC14• The remaining germanium 
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was extracted 2-3 times with benzene. Then HBr 
was added to the solution to reduce the As V to 
Asiii and the arsenic was extracted with benzene. 
[ 12 •13] The arsenic was extracted from the ben
zene layer with the aid of a hydrazene solution, and 
was precipitated after oxidation in the form of a 
sulfide. The final stage of purification was the ob
taining of metallic arsenic. [ 14] Metallic arsenic 
deposited on filter paper was needed for the me as
urements. The entire chemical separation took 
3-4 hours, and the chemical yield amounted as a 
rule to 30-40 percent. 

The arsenic samples were measured with the 
aid of an end-window beta counter with an electro
magnet [15] in such a way that only the electron 
component of the emitted radiation was directed 
into the counter. In order to observe electrons 
with different energies, the measurements were 
conducted with various values of the electromag
net current. For each chosen value of the current 
we followed the decrease of the activity with time. 
It was thus possible to observe the half-lives of 
the electrons of each of the isotopes of interest to 
us: As 74, .As 76 , As 77, and As 78 • The method chosen 
allows, along with the registration of the electrons 
from the decay of the heavy isotopes, also partial 
registration of the conversion electrons emitted in 
the gamma transitions in the neutron-deficient iso
topes. In our opinion, the error introduced here is 
small, since in the light arsenic isotopes the high
energy conversion electrons (we detected electrons 
with energies of 0.4 MeV and higher) are relatively 
weakly pronounced, and can in addition be easily 
separated by their half-lives. The same detector 
was used to measure the Na24 samples from the 
aluminum foil serving as the proton-beam monitor. 
The monitor samples were prepared by separating 
a definite portion of an aluminum solution in hydro
chloric acid, and drying it on blotting paper. 

The decay curves of the arsenic samples for 
all values of the electromagnet current included 
the following lifetimes: "'1.5 hour, 24-27 hours, 
and 17-19 days. The first and last lifetimes were 
investigated during three half-lives, while the ac
tivity with the lifetime of 26 hours was investigated 
during 5-6 half-lives. For small values of the 
current ( 0.5 and 1.0 A) we observed a small con
tribution of an activity with a half-life of 38-42 
hours. The determination of the contribution of 
the latter on the background of the much stronger 
24-27 hour activity was accomplished with the aid 
of a special mathematical method of transforming 
the results of the measurements 1> on the portions 

!)The method consists of the following: assume we have a 
decay curve 

of the decay curves of interest to us, which made 
it possible to display better the required compo
nent. The mathematical transformation was applied 
to the decay curves obtained with small currents 
( 0-2.0 A). The recalculated activities were unam
biguously identified [ 16] as As 78, As 76 , As 74 , and 
As 77 respectively. The identification of the ob
served activities was confirmed by special meas
urements of the conversion-electron spectra of 
the arsenic samples 2> carried out immediately 
after the chemical separation. Clearly resolved 
peaks with energies of 555 keV (As 76 ), 580 keV 
(576 keV Ge69 + 596 keV As 74 ) and 612 keV (As78 ) 

were observed in the energy range of 500-650 keV. 
There are indications that a peak exists at 525 ke V 
(As 77 ). 

The yields of the above arsenic isotopes were 
calculated as in [l7] with allowance for the time 
of irradiation and the decay of the sample after 
the irradiation, and also with allowance for the 
chemical yields. The initial activities for the cal
culation of the yield of the separate components 
were taken to be the areas under the curves plotted 
from the change of the number of counts of the de
tector as a function of the current in the electro
magnet. These curves were obtained by separating 
into the component half-lives the general curves of 
the decrease of the number of counts registered by 
the detector at a given value of the current. The 
current in the electromagnet could be changed 
from 0 to 3 or 5 A. In this range of values of the 
current the entire electron emission of As 77, As 74 , 

and Na24 (end-point energy ::s1.4MeV) was di
rected by the electromagnet into the detector, and 
the determinations of the yields of the enumerated 
arsenic isotopes were carried out with complete 
efficiency. The activities of the As 76 and As 78 nu
clei were not fully registered by our measuring 
device, since in the spectrum of these isotopes 
there is a considerable fraction of hard electrons 

A (I)= Ak exp (- 'Akt) +An exp (-'Ant), (1) 

where Ak and An are the initial activities of the components 
k and n which are to be detennined; Ak and An are the decay 
constants. We multiply (1) by exp (Akt); then 

A (I) exp ('Akl) = Ak +An exp [('Ak- 'A,t)]. (2) 
Setting, 

A (t) exp ('Akt) = y, 

exp [('Ak- "-nl I] == x, 

we obtain on the xy plane the equation of the straight line 

y = Ak + Anx• 

(3) 

(4) 

:z>we express our gratitude to Zh. Zhelev of the Joint Insti
tute for Nuclear Research, who carried out the measurements 
of the conversion-electron spectra of arsenic on the beta spec
trometer. 
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Production cross sections, mb 
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i" "" " 
4.8a,d) 
7.4 e) 

2.8±0.9 1. 7 d, a) 
3.oe) 

1.6±0.4 
0.8 d) 

1.0±0,!\ 0.6 d) 
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Ge"(p, 3n) 
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mental 

1.0±0.15 

0.83±0.2 

0.52±0. 13 

0.38±0.13 

IG'""· "' 
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retical 

Ex-, peri• Thee-
men- retical 
tal 

) o.ga, d) j 

r ue) I ~0.1 -
0.9b) 

J O.oc) 

} od, a) ~o.os <0.035-

0.5e) -0.03Sf) 

~0.07 -
0.2d) 

0.1 d) ~0.04 -

Ge"[p(d,n)] 
Ge"[p(H3 , ln)] 
Ge"[p(cx, p)] 
Ge"[p(cx,p2n)] 

I Experi• I Thee
mental retical 

0,13±0.045 -

0.003 g) 

0.09±50.021 -<0.015 h 

0,073±0.016 -

0,035±0.007 -

Ge"[p(H',n)] 
Ge"[p(cx,pn)] 

The estimates of the expected yields are obtained from: 
a) the yield of the (p, n) reaction on Ga69 at a proton energy of 100 MeV,[22] 

b) the yield of the (p, n) reaction on Zn66 at a proton energy of 100 MeV,[22] 

c) the yield of the (p, n) reaction on Cu63 at a proton energy of 100 MeV,[23] 

d) the yield of the (p, xn) reaction on Ga69 at energies of 0.5, 1.5, and 2.9 BeV,[24] 

e) the yield of the (p, xn) reaction on Y'9 at energies of 100·240 MeV,[25] 

f) the sums of the estimated yields of the secondary [p(a., p)] and (p(a., p2n)] reactions, 
amounting to 0.028 and 0.007.0.010 mb respectively. In determining the yield of the [p (a., p)) 
reaction we have made use of the cross section of the [p (a., n)] reaction on copper at 340 
MeV,['] which is 0.01 mb, and also of the ratio of the integral yields of the (a., p) and (a., n) 
reactions on Zn64 [ 20] which is 2.4. In estimating the yield of the [p(a.,p2n)] reaction it has 
been assumed that the fraction of the [p (a.,3n)] reaction amounts to no more than 1/3 of the 
cross section of the [p (a, n)] reaction on copper, and the ratio of the integral yields of the 
(a., p2n) and (a., 3n) reactions on Zn64 is 10,[20] 

g) the yield of the [p(a., pn)] reaction .using the 0.006-mb cross section of the [p(a., 2n)] 
reaction on copper,['] and the ratio of the integral yields of the (a., pn) and (a., 2n) reactions 
for a Ge70 target which is 2,[26] 

h) the limit of the possible contribution of the (p(a., pn)] reaction [obtained by using the 
ratio of the integral yields of the (a., pn) and (a., 2n) reactions which is 10 for Zn64 [ 20] ]. 

(3 and 4.1 MeV) which were not directed into the 
detector at the maximum available electromagnet 
current. For this reason the initial activities of 
As 76 and As 78 had to be multiplied by the coeffi
ficients k, equal to 1.8 and 2.3 respectively. The 
correction coefficients were estimated from the 
mean energies of the electrons emitted by the 
given isotope. In calculating the As 77 yield, cor
rections were introduced for self-absorption and 
the absorption of beta particles in the outer cover 
of the sample, the counter, and the layer of air 
(k=1.8). 

2. EXPERIMENTAL RESULTS 

The identified heavy isotopes of arsenic, and 
their production cross sections are presented in 
the table. The mean of two, and sometimes of 
three determinations is given in each case. In 
most of the experiments the results of individual 
measurements agreed with each other within ± 25 
percent. In only one instance (the yield of As 76 

at 660 MeV) did they differ by ±40 percent. None-

theless, for a number of reasons we recommend 
that the absoiute cross sections presented be con
sidered correct within a factor of 2. The table also 
indicates the possible reactions in which the enu
merated arsenic isotopes are produced, and gives 
their contributions as expected from the abun
dances of the initial nuclei. Among the possible 
reactions we include the primary ( p, xn) reac
tions on the bombarding protons (under lined ) and 
the secondary reactions of a-particle, deuterium, 
and tritium capture accompanied by nucleon emis
sion. In view of their small yield, [Hl-21 ] the sec
ondary radiative-capture reactions of the above 
particles, as well as the reactions of capture of 
He3 nuclei, are not taken into account. 

As can be seen from the table, the greatest yield 
is that of the As 74 isotope. The production cross 
section of As 76 is smaller by about a factor of 3, 
and the yields of As 77 and As 78 are almost the 
same, and by an order of magnitude smaller than 
the yield of As 76 • With decreasing proton energy 
the production cross sections of all observed nu
clei decrease equally. 
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Comparing the experimental and the expected 
yields of As 74, as well as of As 76 , we see that they 
are close to one another and exhibit approximately 
the same dependence on the proton energy. Par
ticularly good agreement is obtained for As 77 

where the deviation between the expected and ob
served cross sections never exceeds a factor of 2. 
Such a deviation is quite acceptable and can be due, 
on the one hand to errors in the estimates of the 
expected yields depending on the choice of target, 
and on the other hand to errors in the determina
tion of the absolute cross sections in our experi
ments. In the case of As 76 the deviation observed 
at low proton energies is smaller (it also does not 
exceed a factor of 2). At higher energies ( 480 and 
660 Mev) the experimental yields exceed consider
ably the yields expected from the ( p, n) reaction 
for a gallium target. It can thus be concluded that 
in our experiments the As 74 and As 76 isotopes are 
produced chiefly in the primary reactions of the 
type (p,xn). The fact that for As 76 at higher pro
ton energies the ~xperimental cross sections ex
ceed the expected cross sections considerably can 
be due to the ever increasing contributions of sec
ondary capture reactions of superbarrier frag
ments, [i-7] whose number of possible channels is 
sufficiently large. However, one must not attribute 
this excess entirely to the contribution of second
ary reactions, and one must keep in mind possible 
peculiarities in the course of the ( p, n) reaction 
on Ge 76 compared to its course on the Ga69 iso
tope. 

The heavier arsenic isotopes (As 77 and As 78 ) 
are apparently produced in secondary capture re
actions of superbarrier fragments. In the case of 
the As 77 isotope both secondary capture reactions 
of deuterium and tritium, and secondary [p( a,pxn)1 
reactions are at various proton energies equally 
possible. Unfortunately direct measurements of 
the yields of the latter are in general lacking, and 
it is difficult to separate their contributions ex
actly. Using the data on the [ p ( a, xn) 1 reaction 
on copper[!] and the ratios of the yields of the 
(a, pxn) and the (a, xn) reactions on targets 
close to ours, one can estimate the contributions 
of the [p( a, pxn)1 reactions on some germanium 
isotopes at 300 MeV. In the case of As 77 the esti
mate indicates that the yield of these reactions 
does not exceed 42-45 percent of the observed 
yield of the isotope at the corresponding proton 
energy, and is, if anything, smaller. In view of 
the fact that the yields of the [ p ( a, xn ) 1 reactions 
increase monotonically with increasing proton en
ergyC3•4• 7J the contributions of the [ p( a, pxn )1 
reactions for 120-MeV protons should be approxi-

mately half as large, and at 660 MeV twice as large 
as at 300 MeV. Thus, the contribution of competing 
secondary capture reactions of a particles at 120 
MeV is expected to be no more than 20 percent of 
the observed As 77 cross section, while at 660 MeV 
it can completely account for the production of the 
given isotope. This gives grounds for considering 
the As 77 yield at 660 MeV as the upper limit of the 
sum of the cross sections of the reactions [ p( a, p )1 
and [ p( a, p2n )1 on the Ge 74 and Ge 76 isotopes. 

A smaller number of channels takes part in the 
production of the As 78 isotope. The latter is 
chiefly obtained from the secondary capture re
actions of superbarrier tritium nuclei. The con
tribution of the competing capture reaction of a 
particles of the type [ p ( a, pn) 1 is not large. At 
an energy of 300 MeV it is estimated [1, 26] to be 
~ 0.003 mb, and according to a much less rigorous 
estimate[1•20J it amounts to < 0.015 mb, i.e., about 
3 percent and not more than 16 percent of the ob
served As 78 yield. For proton energies of 120 and 
660 MeV the contribution of this competing reac
tion is estimated to be respectively about 1 and 
17 percent of the observed As 78 yields. Hence it 
follows that with increasing proton energy a 
stronger decrease takes place in the yields of the 
secondary reactions of the capture of deuterium 
and tritium compared with the observed yields of 
As 77 and As 78. Direct measurements of the yields 
of deuterons with kinetic energies >50 MeV from 
carbon bombarded with 95, [27 ] 300, [28] and 660-
MeV[iO] protons confirm the observed tendency of 
the As 77 yields·to decrease. However, it is diffi
cult to speak of a strict, quantitative correspond
ence between data from targets that differ so con
siderably. 

It must be noted that the behavior of yields of 
secondary capture reactions of deuterium and tri
tium as a function of the proton energy is the oppo
site of the behavior of secondary capture reactions 
of a particles, lithium or beryllium nuclei, which 
exhibit a characteristic increase of the yield at 
higher energies. 

The authors thank B. V. Kurchatov and V. M. 
Mal'tsev for valuable remarks. 
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