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Excitation Functions for Syallation Reactions on Cu*
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(Received July 31, 1950)

Excitation functions have been measured for 190-Mev deuterons from the 184-inch Berkeley cyclotron
on the natural isotopic mixture of Cue' and Cu'~. Chemical separation of Zn, Cu, Ni, Co, Fe, and Mn has
been performed and the yields of several of the radioactive isotopes of these elements have been measured
as a function of deuteron energy. The results seem to be in agreement with Serber's theory of high energy
processes and with other information on the yields of nuclear reactions at these energies.

I. INTRODUCTIOH

'EASUREMENTS of the yields of nuclear reac-
tions as a function of the energy of the bombard-

ing particles have provided considerable information
regarding the mechanics of the nuclear processes in-
volved. At low energies the familiar type of excitation
function is one which rises from the threshold to a
maximum and then falls o6 rapidly owing to the com-
petition from other processes. Most of these results are
explained satisfactorily by the theory of the compound
nucleus formed by the addition of the bombarding
particle. Early results with the very high energy par-
ticles from the 184-inch cyclotron showed a consider-
ably diGerent behavior in that the yield did not fall
oB at high energies. Serber' has explained these results
in terms of the inelastic scattering of the impinging
particle leaving in turn an excited nucleus. This excited
nucleus is now the compound nucleus and decays by the
usual processes. More detailed calculations have been
made for the case of C"(p, pn)O" by Heckrotte and
%oMt.'

II. METHOD

This vrork was undertaken for the purpose of making
a thorough study of the diBerent radioactivities result-
ing from the deuteron bombardment of a single ele-
ment, copper. I.indner and Perlman' have discussed the
factors involved in the spallation reactions from As.
These factors will not be reviewed here. Excitation
functions have been determined for Zn", Zn", Cu~,
Cu" Ni" Ni", Co", Co", Co", Fe", Fe", Mn~, and
Mn", formed by 194-Mev deuterons on natural isotopic
copper. The stacked foil technique, described for the
184-inch cyclotron by Thornton and Senseman, ' was
used. The foils on which the chemical. separations were
performed were electrolytic copper 0.002 in. thick, 1-in.
diameter disks. These were placed in a 2-in. square
stack of ~'~-in. copper absorbers so as to cover the energy
ranges desired. It was not practicable to perform the
separations on more than 12 foils, so 10 were placed

* This work was performed under the auspices of the AEC.
' R. Serber, Phys. Rev. 72, 1114 (1947).' W. Heckrotte and P. %olB, Phys. Rev. 73, 264 (1948}.' M. Lindner and I. Perlman, Phys. Rev. 78, 499 (1950}.
'R. L. Thornton and R. %. Senseman, Phys. Rev. 72, 872

(1947).

between 194- and 0-Mev energies of the deuterons and 2
beyond the range to give an estimate of the neutron
background and of any eGect of deuterons scattered into
the side of the stack. A 0.001-in. Al foil of the same size
as the Cu foils was placed at the high energy edge of the
stack and used as a monitor. The AP'(d, ap)Na'4 cross
section of 0.048 barns at 194 Mev was used to estimate
the cross sections for the elements formed.

The stack of foils was bombarded in the internally
deQected beam of the 184-inch cyclotron for times of the
order of one hour. After chemical separations to be
described below, the samples were counted with mica
end window counters, and the resultant decay curves
resolved to determine amounts of diGerent isotopes
present. No special attempt was made to determine
isotopes with half-lives less than about one hour. The Al
monitor was counted under the same geometry, as
nearly as possible, in order to minimize eGects of back-
scattering, etc. ; that is, if the samples were plated on
Pt disks, the monitor was mounted on such a disk, etc.
Experiments showed variations in counting rates of as
much as 100 percent, depending on the backing and
geometry of the sample, so that the estimates of cross
section are certainly no more accurate than a factor of
2. Fortunately, the 1.4-Mev P-spectrum of Na'4 is a
reasonable mean of those investigated, though this
isotope was chosen because of the convenient half-life
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Fro. 1. Excitation functions of Zn~ and Zn~.

' H. W. Hubbard, Phys. Rev. 75, 1470 (1949}.
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V&G. 2. Excitation function of Cu~ and Cu".

and absence of other activities. The excitation curve
for the reaction AI2'(d, ap)Na'4 was also used. as a
check on the energy values. It has a peak at approxi-
mately 25 Mev, which was the energy at the last Cu
foil. The deuterons have passed through 22 g/cm' and
the energy straggling is so large that no detail is pos-
sible below this.

Experimentally, the major problem was that of
getting quantitative chemical separation of the ele-
ments near Cu from the 400 mg of Cu in the foils, and
using at maximum about 3 mg of carrier. More carrier
would have affected P-counting accuracy. The problem
was met by special method of separation and duplicate
equipment for processes such as ether extraction, etc. ,
so that work on 12 foils could be completed in a few
hours. The details are given in the appendix.

The periods, radiations, etc., of the radioactive isotopes are
given in the table of Seaborg and Perlman, Rev. Mod. Phys. 20,
585 (1948}.

~ R. W. Hayward, Phys. Rev. 79, 541 (1950).

III. DISCUSSION OF RESULTSS

A. Zn" and Zn"

Zn ' is the well-known 38-min. P+ activity formed in
this cs.se by (d, 2n) and (d, 4e) reactions; Zn", formed

by (d, 3n) and (d, 5e), decays 90 percent by E'-capture,
10 percent by P emission, and is mainly detected by its
daughter, ' the 10-min Cu". The yields are shown on

Fig. 1.These activities have the advantage that there is
no background caused by neutrons, since Zn can be
formed only by the addition of a charge. Each curve is

presumably a composite of two double humped ones
caused by the two reactions, but the energy resolution
is not sufhcient to show this up. The Zn" curve is dis-

placed to higher energy as would be expected. The fall
oG at high energies is not as rapid as might be expected
from simple compound nucleus theory. This may be the
result of exchange collisions between high energy inci-
dent protons and neutrons in the nucleus. The cross
section at the maximum, 0.4 barn, is also of the ex-

C. Ni

The two Ni isotopes measured were Ni" and Ni".
The circled points on Fig. 3 were adjusted to 6t a
smooth Ni" curve. When so adjusted, the Ni" points
fit on a smooth curve. This seems to be good evidence
that there was chemical loss in these samples. The
magnitude of the corrections was about 20 percent.
Ni" is formed by the (d, 2p) or (n, p) reactions, and so
is present even beyond the range of the deuterons
owing to neutrons formed in the stack. The threshold
for the reaction is low (2.3 Mev), and. since the strag-
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FIG. 3. Excitation functions of Ni~~ and ¹'~.
8 R. S.Livingston and B.T. Wright, Phys, Rev. SS, 656 (1940).

pected order of magnitude, the geometrical cross section
of a Cu nucleus being about 1 barn.

B. Cu64 and Cu"
Cu~ is the familiar 12.8-hr. activity whose excitation

curve by the reaction (d, p) has been studied by Living-
ston and Wright' and has a maximum below 10 Mev.
Clearly, this portion of the curve is not visible in Fig. 2,
where the yield. of Cu~ is plotted. (Note the different
ordinates for Cu" and Cu".) The maximum at ap-
proximately 40 Mev is presumably due to the reaction
(d, dn), (d, p2e), or (p, pn) (n, 2e) depending on
whether one considers the reaction as caused by the
deuteron as a whole or by one of its constituents. One
might expect the maximum of these reactions to be at
about twice the threshold energy' or about 20 Mev.

Cu" (Fig. 2) is the well known 3.4-hr. activity. It
requires the expulsion of more neutrons and, conse-
quently, the maximum in its curve is at higher energy
than that for Cu". The shape suggests a combination of
sharper resonance with slowly varying portion. Why
this second portion should decrease above 140 Mev is
not at all clear, however. None of the curves calculated
by Heckrotte and Wolft show such a decrease, even for
the case of C, a much more transparent nucleus. The
maximum cross section for the production of Cu" is
also smaller than that for Cu", as would be expected
from the additional competition at higher energies.
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FIG. 4. Excitation functions of Fe~e and Fe~.

gling is much greater than 2 Mev, a yield should be ob-
served down to zero energy. The rather broad ap-
parent maximum in the curve at about 60 Mev prob-
ably occurs at a somewhat lower energy. This energy
is undoubtedly associated with the necessity for eject-
ing one or two protons over the Coulomb barrier. If
the stripping process, in which the neutron enters the
nucleus and the proton goes on, gives a large contribu-
tion, the necessary deuteron energy will be high because
the neutron averages only half of it. In this connection,
the yieM of the (e, p) reaction as a function of neutron

energy would be valuable to know.
The Ni" curve is characteristic of those with high

threshold energies. If one calculates the threshold for
Cu~(d, 2p6n)Ni" from a semi-empirical mass formula, '
one gets 62 Mev, The agreement with the curve can be
considered satisfactory. As will be seen below, there is
evidence that n-particles are ejected as units; but in
this case, unless the deuteron is captured to form a Zn
compound nucleus, Q.-ejections cannot give Ni".

It is probably signjL6cant that the decrease of the
Niel, Zn", and Cue' cross sections sets in at about 60
Mev, when the Ni" and others listed below start to
rise.

' See Orear, Rosenfeld, and Schluter, "Nuclear Physics, Lectures
by E. Fermi, "p. 6. No Coulomb barrier energies are included in
the threshold calculations.

D. Co

The chemical recoveries on Co were the least satis-
factory of all those performed. The activities recovered
were those of Co" (72 days), Co~ (72 days), and Co'~

(18hours). In order to separate the first two, which have

the same half-life, the particles were counted in a
rough 180' magnetic spectrograph. The Co~ with a
a 1.5-Mev beta-spectrum could then be distinguished

from the 0.47-Mev spectrum of Co". A pure standard

of the latter activity was also prepared by bombarding
Mn with low energy alphas. Since Co~ decays only 15
percent by positron emission, there is a rather large
correction to the observed counting rate; but the
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FIG. 5. Excitation functions of Mn~ and Mn~.

' Good, Peaslee, and Deutsch, 'Phys. Rev. 69, 313 (1946).

measurement in the magnetic spectrograph made
certain that none of the x-rays were counted.

The excitation curves are of the type which rise to a
fairly constant yield between 100 and 200 Mev. The
surprising thing about these curves, however, is the
large yield, 0.2 barn in the case of Co" and 0.04 barn
in the case of Co~ and Co". The results of Good, Peas-
lee, and Deutsch'0 on the positron E-capture branching
should be accurate, so that there is no reason to suspect
an error in this measurement of the large cross section
of Co". It is to be noted that the reactions yielding
Co" are ones which might be written (d, dan) and

(d, da3n). The unusuaHy high cross section for those
reactions in which alpha-particles can be emitted after
the excitation of the bombarded nucleus is discussed
below.

Co'~ (270 d.) is undoubtedly formed also in these
experiments. Since these activities were weak, it was
not possible to detect Co" with certainty. However, the
yields of Co~ and Co' may be somewhat too high.

E. Pe

The 7.8-hr. Fe", which is the parent of the 21-m.
Mn", and the 49-d.. Fe" were the iron activities in-

vestigated. The results are shown in Fig. 4. Corrections
similar to those mentioned for Ni were made on the
circled points of the Fe"curve with the resultant good
6t to the Fe" curve.

The Fe" yield extends apparently to zero energy;
and, while the energy de6nition is poor in this region,
the curve does indicate that the reaction proceeds at
low energies. Using the semi-empirical mass formula,
one finds that the reaction Cu"(d, 2a)Fe" is exoener-

getic by about 2 Mev. At low energies the spread in

deuteron beam energy is large compared to the a-bar-
rier height, so that one expects to 6nd a yield at zero
energy. The threshold for Cu~(d, 2pa)Fe59 is 5 Mev,
and because of the barrier for the O.-particle this reac-
tion will not become appreciable until higher energies.
The rise in the curve beginning at about 50 Mev might
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e associated with this reaction or with reactions such
s Cu~(e, pa) or Cu~(e, 3p2n). In the latter the thresh-

old is 28 Mev higher, while in both the necessary deu-
teron energy is increased because the neutron is con-
sidered as the particle involved and averages only
one-half the deuteron energy. Further work on these
reactions using low energy deuterons is projected.

The Fe" exhibits the lowest cross section and the
highest threshold measured in this work. The calcu-
lated threshold for Cu~(d, 4p9N)Fe" is 104 Mev. The
energetic threshold seems to be definitely below this
(the energy definition in this region should be good) and
would indicate that a reaction such as Cu~(d, a2p7n)
or Cu"(I, np7n) was participating. Such reactions are
particularly necessary if one postulates that only the
neutron or the proton gives energy to the nucleus,
although it is important to remember that this cross
section is very small, and that occasionally a proton or
a neutron may impart a large fraction of the deuteron
energy to a nucleus. "

Mn~ (2.56 hr. ) and Mn" (6.5 d.) were the two Mn
isotopes investigated. The curves are shown in Fig. 5.
The 6.5-day activity is the lower of the two Mn"
isomeric states and is undoubtedly produced to some
extent as a decay product of Fe" through Mn" . The
separations of Fe and Mn were performed on all samples
at the same time and within a few hours of the end of the
bombardment; and since the excitation curves are not
radically difI'erent, the curve shown in Fig. 5 should not
be much in error. Both Mn curves show the rather steep
rise beginning at high energies characteristic of a reac-
tion with high threshold. The calculated threshold for
protons and neutrons out (a, Sp4N) for Mn~ is 67 Mev,
which is slightly above the observed threshold, indi-
cating that probably a's are involved, while the calcu-
lated threshold for Mns' from Cu6' is 102 Mev, and the
observed threshold is definitely lower, In this case it
seems certain that a's rather than individual protons
and neutrons are emitted.

IV. CONCLUSIONS

The sets of yield curves presented above definitely
show that at high energies of the bombarding particle
the typical curve predicted by the compound nucleus
theory at low energies is not found. The curves are in
agreement with what would be expected from the
theory presented by Serber. Detailed calculations such
as extensions of those of Horning and BaumhoG"
might be worth while to show whether the agreement is
as close as could be expected.

More striking is the alternation of the magnitude of
cross sections with the Z of the product isotope super-
imposed on a decreasing trend. Table I exemplifies

u R. Serber, Phys. Rev. 72, 1008 (1947)."%.Horning and L. Baumho8, Phys. Rev. 75, 3/0 (1949).

TABLE I. Maximum cross sections in barns for spallation products
from deuterons on Cu. All are for 190 Mev except Cu".

Z-+ Mn
A
l

Co

61
60
59
58
57
56
55
52 0.012

0.003

0.00015

0.200

0.040
0.040

0.11

this at 190 Mev. Since one cannot measure the yield of
every isotope, the data are only fragmentary; but it
does seem that the yield of Cu is large, of Ni small, of
Co large, etc. A good example seems to be the cases of
Fe" and Mn", in which the latter cross section is a
factor of 100 higher although it requires the ejection of
an extra proton rather than a neutron. At very high
energies one might expect that any barrier e6'ect would
be negligible and that the yields would be about equal.
If we assume that the incident particle, neutron, pro-
ton, or deuteron, does not stick but only leaves the
struck nucleus excited, then we notice that Mn" can
be formed by the ejection of two alphas and three
neutrons from Cu~, while Fe" must be formed by ejec-
tion of particles less tightly bound to each other. As
was mentioned above, the thresholds seem to indicate
that alphas may be emitted; and this alternation in
yield seems to be more evidence for the same thing.
Such an alternation is evident in the results of Miller,
Thompson, and Cunningham" with Cu and also,
though not so noticeably, of Hopkins and Cunning-
ham'4 working with As.

Z1QC

The separation of Zn from the elements near it was as follows:
Cu target foils were dissolved in the minimum necessary 6N HNO&
and 2 mg of Zn carrier added as the nitrate or sulfate. One ml of
concentrated H2SO4 was added and the HNO3 removed by
evaporating to SOB fumes. The solution was then diluted to about
3N H~SO4 and 500 mg of 20 mesh Al added. This solution was
boiled until all the Cu was reduced and for about 5 minutes after
the solution appeared water white. The solution was then cooled
and 61tered through a rapid 6lter paper, the Cu metal being
washed with 0.1N H2SO4. The pH was adjusted to about 2 or 3
with NaOH and dilute H~SO4. The solution was then saturated

'3Miller, Thompson, and Cunningham, Phys. Rev. 74, 347
(1948).

'4 H. H. Hopkins and B. B. Cunningham, Phys. Rev. 73, 1406
(1948).

APPENDIX

The following chemical separations were mostly determined by
convenience and the relative amounts of the activities present.
The Zn separation had to be good only for Cu removal, since rela-
tive amounts of the other activities were small. The Ni, Co, Mn,
and Fe separations had to be good from all other activities. The
Fe separation was the most rigorous of them all, having to be good
to one part in 10' from all other elements.
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mith H~S to precipitate ZnS, centrifuged, aad the supernatant,
which contained Mn, Fe, Co, and ¹i,decanted. The precipitate
vras washed vrith 0.01N H~SO» containing HP and then dissolved
in 3 ml concentrated HNO3. This solution was then evaporated to
dryness on a stainless steel dish, Qamed to destroy any excess
sulfur and water of hydration, and was ready to be counted.

Copper

The Cu target foil was dissolved in a minimum of dilute HNO~,
made up to 250 ml in a volumetric Qask and some convenient small
fraction (0.8 percent to 4 percent) transferred to an electrolytic
cell. Two drops of concentrated H2SO» and a small amount of
dilute HNO~ vrere added and the solution plated to exhaustion
by about $ to 1 hour plating at about 20 milliamperes out of a
volume of 20 ml. Zn, Mn, Fe, Co, and ¹iwill not plate under
these conditions. The plates were quickly removed, vrashed in
alcohol, dried in air, and mere ready to count. The Cp mas about
2 mg/cm' thick.

Nickel

The separation of ¹ifrom the elements in the region of copper
was done as follows: The target foil vras dissolved in 6N HC1 and a
fevr drops of 30-percent H202, the excess H20~ then being boiled
o8. About one-half to one mg of Ni carrier was added as chloride,
the solution neutralized with NH»OH, and then made slightly
acid with HCl. NH»HSOS was added to reduce Cu++ to Cu+ and
excess SO2 boiled oB. CuSCN was precipitated from the vrarm
solution with a few crystals of NH»SCN, and allowed to settle for
ten minutes. The solution was filtered and the precipitate vrashed
vrith a one-percent solution of NH»SCN containing a little
NH»SOS. To complex the Fe, one ml of 50-percent tarataric acid
was added to the 6ltrate which was made slightly ammoniacal
and brought to near boiling. The Co, Zn, and Cu were thus com-
plexed in the NH»OH and Ni dimethyl glyoxime vras precipitated
by adding one to two ml of 1-percent dimethyl-glyoxime in ethanol.
The precipitate was filtered and washed with hot water, dissolved
in dilute HCl, and reprecipitated twice in order to free it from
occluded Zn. Finally, the clean precipitate was dissolved m con-
centrated HNO3, evaporated to dryness in a stainless steel dish,
Qamed, and was ready to count.

Cobalt

The separation of Co from the elements near Cu presented more
difhculty than most of the other separations. The method 6nally
evolved essentially consisted of removing all contaminant ele-
ments which would plate electrolytically and then plating the
remaining Co onto platinum disks out of ammoniacal solution.

The Cu target foil was dissolved in minimum amount of dilute
HNOS, 1 mg each of Co, Ni, and Mn carriers, 2 drops of con-
centrated H~SO» mere added, and the solution diluted to 20 ml.
The excess Cu vras removed by electrodeposition on a stainless
steel strip cathode set into the beaker using about 1 to 2 amp. at
2 to 3 volts. When the solution was water white, the electrodes
were removed, 1 ml concentrated H~SO» added and the solution
evaporated to SO3 fumes to destroy HNOI present. Then it vras

diluted to 35 to 50 ml and saturated vrith H2S to precipitate the
remaining Cu. Most of the Zn occluded on these CuS precipitates.
After repetition of the procedure, the 61trate vras again boiled
to expel H2S, made slightly ammoniacal, and 1 to 2 ml of 1-per-
cent dimethyl-glyoxime in ethanol added. The ¹iand Fe precipi-

tates were filtered o6, the filtrate mas acidified vrith HNOg and
evaporated to SO& fumes to destroy the alcohol, a fevr drops of
concentrated HC1 were added, and the 61trate was again taken to
SO3 fumes to insure removal of NON. The solution was transferred
to an electrolysis cell fitted with a Pt disk cathode, made strongly
ammoniacal, and Co metal deposited as a smooth, uniform, ad-
herent plate on the cathode by plating for from $ to 1 hour at
about 1 to 2 amperes. MnO~ was deposited simultaneously on the
stirrer anode. Zn does not plate at these voltages. The electrolyte
was then removed and replaced by distilled water with the cur-
rent still on in order to prevent the Co plate from dissolving. The
anode was quickly removed and the Co plate mashed in alcohol
and dried in air.

Manganese

It was found that Mn could be separated as part of the process
for Fe isolation. The foils were dissolved in a minimum of 6N HNOg
and 1 mg Mn carrier was added as the nitrate. The solution was
then diluted to about 1N HNO3, 0.1 g of KBrO~ was added, and
the solution was boiled for ten minutes or until the MnO~ was
well coagulated. There was probably some occlusion of Cu, Co,
and Zn on this precipitate. The precipitate was 6ltered and washed
with 6N HNO3 until no Cu blue showed in the wash, then re-
dissolved through the filter paper vrith concentrated HC1, and
and 2 mg Cu carrier added. The solution was made strongly am-

moniacal and a few crystals of (NH»)2S208 added. Any occluded

Cu, Co, and Zn was complexed in the NH»OH. The excess per-
sulfate was boiled oB, and the MnO~ reprecipitated and centri-
fuged. After washing vrith dilute NH»OH, the precipitate was
deposited on a stainless steel dish and dried. This separation was

perhaps the least troublesome of all those done in that the time
required was a minimum and the degree of purification and per-
centage recovery excellent.

Iron

The following separation for Fe has the advantages of high

purity (~10') and that a small amount of carrier is necessary.
Since the Fe yield was very small, the Fe half-lives relatively
long, and the Fe" P soft, these advantages turned out to be
absolutely essential, even if recovery was not as complete as in
some of the other fractions.

Cu foils mere dissolved in a minimum 6N HNO~ and diluted to
1 or 2 N HNO3. One mg Fe and 1 mg Mn carrier were added as
nitrates. The Mn was precipitated as MnO~ by addition of about
0.1 g KBr03 and boiling for 10 minutes, filtered and washed.
Fe(OH)3 was precipitated from the 61trate by addition of excess
NH»OH and centrifuged. The Cu, Co, Ni, and Zn complexed in
the supernatant liquid. The Fe(OH) 3 was dissolved in HC1, about
3 mg of CuCl~ added, and the Fe precipitated twice more, this
number of sweeps being necessary to get rid of the tremendous

excess of Cu activity. The Gnal Fe(OH) 3 precipitate was dissolved

in three drops of concentrated HCl, and transferred to a separa-

tory funnel with 6N HCl. An equal volume of diethyl ether pre-
saturated with 6N HCl was added and the Fe extracted. Extrac-
tion was repeated on the aqueous layer, 1 mg Fe carrier added to
this aqueous layer, and extracted again. All ether phases vrere

collected with water and the ether boiled oG in a hot vrater bath,
then Fe(OH) ~ precipitated from this solution. This vras dissolved

in several drops concentrated HNOg, evaporated to dryness on a
stainless steel dish, Qamed, and was ready for counting.


