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Cross sections of a large variety of spallation products from V and Co do not change
appreciably as the beam energy increases from 11,5 to 900 GeV. The mean ratio oppp/0'pp

for V is 0,96 +0,04' fol Co o2pp/egg p= 0,95+0,06 and cppp/et~ p= 1,02 + 0,09, I't was as
sumed that the monitor cross section is constant above 10 GeV.

We are reporting the first measurements of
spallation cross sections for 200- and 300-GeV
protons. Similar studies have been carried out
previously on a number of target nuclei at ener-
gies up to 29 GeV, and have been summarized in
a recent review article. ' The 200- and 300-GeV
irradiations were performed in an external pro-
ton beam in the neutrino hall at the National Ac-
celerator Laboratory (NAL). The vanadium tar-
gets were analyzed at Brookhaven National Lab-
oratory (BNL) and the cobalt targets at Argonne
National Laboratory (ANL). Two irradiations
of Co were also done with 11.5-GeV protons in
the circulating beam of the ANL zero-gradient
synchrotron so that a direct comparison could
be made of the higher-energy results with data
from the energy region investigated previously.
A detailed study of the nuclear reactions of V at
3 and 29 GeV was recently completed. '

The target foils (6&& 6 cms) were irradiated to-
gether with aluminum monitor foils, and each
was sandwiched between guard foils to avoid
cross contamination and to compensate for re-
coil effects. The total thickness of each Co foil
stack was -100 mg/cm'; two of the V stacks
were - 160 mg/cmP, and the third was - 30 mg/
cm . The beam intensity varied from 10' -10"
protons/pulse and irradiation times were 8-21 h.

An area of 2-3 cm2 of each stack was punched
out for counting; nearly all of the radioactivity
was within this area. The aluminum monitor
foils were counted to determine the amount of
'4Na formed. The V and Co target foils were
counted without any chemical separation with ca1-
ibrated Ge(Li) spectrometers of 4096 channel
capacity and magnetic-tape readout. The more
intense characteristic y rays of each radioactive
product were measured at various times after
bombardment in order to establish that they de-
cayed with the correct half-life; V samples were
followed for 1 month, and Co samples for at
least 2 months after irradiation. The spectra
were analyzed by means of a computer program'
which found all significant peaks and computed
their areas and decay rates. The nuclides were
identified unambiguously by their y-ray energies
and half-lives. Disintegration rates were com-
puted from measured photopeak intensities, the
calibrated photopeak efficiencies of the detector,
and known y-ray abundances. 4' When necessary,
corrections were made for summing of coincident
y rays. In order to calculate product cross sec-
tions from disintegration rates, it was assumed
that '4Na is produced in the Al monitor with the
same cross section as at 10-28 GeV, i.e., 8.6
mb. '
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TABLE I. Cross-section ratios o'happ/(T29 of radionu-
clides produced from vanadium by 800- and 29-GeV
protons, along with the absolute cross sections in mb
at 29 GeV (029) and the ratios 0&&/03 (Ref. 2). The cross
section of the monitor reaction Al 4Na is assumed
to be constant above 10 GeV, with a value of 8.6 mb,

TABLE II. Cross-section ratios o&0&/o&& ~ and omo/
0&~ 5 of radionuclides produced from cobalt by 200-,
300-, and 11.5-GeV protons, along with the absolute
cross sections in mb at 11.5 GeV (a&& &). The cross
section of the monitor reaction YAl —4Na is assumed
to be constant above 10 GeV, with a value of 8.6 mb,

Product
02'

(mb) 0300/~2O 02&/a3
Nuc. 'l. idv ull 5 (Inb) 200 11.5 300 11.5

"v
Sc

"Sc
4'Sc
44ms

4'Ca
43K

4'K

8Mg

Na
Na
Be

6.84 + 0.48
4.26 + 0.80

10.6 + 0.7
18.9 + 1.0
4.88+ 0.31
0.47 + 0.03
4.00+ 0.28
6.73+0.52
0.78 + 0.05
5.04 + 0.86
2.77 + 0.28
9.34 + 0.68

0.91 + 0.04
0.99 + 0.04
0.99 +0.04
0.97 + 0.05
0.94 +0.04
0.96 + 0.05
0.97 +0.04
0.93 + 0.05
0.95 +0.04
0.99 +0.04
0.97+0.06
0.95 + 0.05

0.91+0.04
0.98 + 0.04
0.99 +0.04
0.91 + 0,05
0.81 + 0,08
1.04 +0.06
0.97 + 0.04
0.90 + 0.04
1.12 + 0.05
1.04 +0.04
1.00 + 0,05
1.45 +.0.06

58co

57
Co

56
Co

55
Co

54

52

51
Cr

48
Cr

43 +3

20 +2

5 ' 1 + 0.4

0.95 + 0.12 1.13 + 0.10

0.87 + 0.10 1.10 + 0.12

0.95 + 0.12 1.04 + 0.10

0.66 + 0.10 1 ~ 03 + 0.34 1.02 + 0 ' 17

19 +2

5.4 + 0.5

21 +2

0.92 + 0.13 1.06 + 0.12

0.90 + 0.13 1.04 + 0.12

0 ' 99 + 0. 14 1.01 + F 11

0.28 + 0.02 0 ~ 92 + 0.11 0.93 + 0.08

The results of these measurements are sum-
marized in Tables I and II. Absolute cross sec-
tions are shown for radionuclides produced from
V at 29 GeV and from Co at 11.5 GeV. The 200-
and 300-GeV results are presented as ratios of
cross sections in order to show most clearly the
relationship to lower-energy cross sections, The
data of Table I are based on three runs. In one
of these the peak beam intensity was slightly off
the edge of the target, and hence there was a
slight misalignment of the target and monitor
foils. Therefore, this run was normalized, at
'Sc, to the average of the other two runs. These

two gave cross-section values that agreed with
each other to + 2/o. In Table II the 11.5-GeV data
are averages of two runs; those at 200 and 300
GeV represent one run each. The uncertainties
quoted represent estimates of the precision based
on the fit of the decay curves with half-lives from
the literature, and on the differences in calcu-
lated disintegration rates based on different y
rays for the same nuclide. AII of the data at var-
ious beam energies for each target element were
obtained from measurements made with the same
Ge(Li) detector, and therefore the counter effi-
ciencies canceled when the ratios were calcu-
lated. These efficiencies were shown to be stable
during the time span of all the measurements.

It appears from Tables I and II that for V and
Co the relative spallation cross sections for all
the products measured at 200-300 GeV are very
nearly the same as at 11.5-29 GeV. The mean

48

48Sc

47Sc

46Sc

44 Sc

9.4 + 0.7

0.60 + 0.07

2. 7 + 0.2

6.7 + 0.5

4.8 + 0.3

088 + 0.11 100 + 009

0.95 + 0.12

0.96 + 0.12 1.05 + 0.09

0.99 + 0.12 1.01 + 0.09

0.90 + 0. 10 1.03 + 0.10

43 1.28 + 0.11 0.93 + 0.16 0.98 + 0.13

42 3.9 + 0.5 0.95 + 0.16 0.85 + 0.12

28
Mg

24
Na

0.51 + 0.04 1.00 + 0.17 1.06 + O. ll

4.43 + 0.25 0.96 + 0.08 1.02 + 0.09

7Be 10.2 + 1.1 1.00 + 0. 19 1.15 + 0.17

cross-section ratio o»,/o» for all measured prod-
ucts from V is 0.96+0.04; for Co the mean ra-
tios are o,«/o», = 0.95+ 0.06, and o,«/o», = 1.02
+0.09. No systematic variation in the ratios with
mass of the product is observed, although they
vary from a simple (P,Pn) product (5sCo) down to
the light fragment 7Be. It seems reasonable to
conclude that all of these absolute cross sections,
as well as the monitor cross section, are essen-
tially constant over the energy range 11.5-300
GeV. In earlier work2'7~ significant changes were
observed in t:he yield patterns of spallation prod-
ucts from medium-weight elements as the beam
energy was increased from 3 to 29 GeV (Table I).
However, virtually all of these changes' are prob-
ably between 3 and 10 GeV. The present results
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at much higher energies indicate that spallation
cross sections from medium-weight nuclei (at
least up to A =60) do indeed level off above 10
GeV. Thus we infer from this that the spectrum
of excitation energies deposited in the nucleus
appears to be independent of bombarding energy
above 10 GeV for this range of target nuclei.
Although pion production increases with energy,
most of the pions must escape from the nucleus
without deposition of much energy.

It should be recognized that an overall distri-
bution of product yields by itself is not a sensi-
tive indicator of mechanism. More definitive
studies, such as recoil-range and angular-dis-
tribution measurements of the products from
light-, medium-, and heavy-element targets are
needed to establish any differences in nuclear
reaction mechanisms.
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A semiclassical treatment of heavy-ion-induced reactions is used to analyze experi-
mental results on the ('~0, '5N) and ('4N, '3C) reactions at S0 Mev and the (' C, "B) reac-
tion at 95 MeV, on a Fe target. It is shown that kinematical conditions and angular mo-
mentum coupling are sufficient to explain the strong j effect and Q dependence observed
in the selective population of the various states.

Studies of heavy-ion-induced single-nucleon
transfer reactions reveal a strong j dependence
in the relative cross sections. This j effect de-
pends on the nature of the projectile and more
specifically on the orbital from which the nucle-
on is transferred. So far, this effect has been
accounted for with the aid of the no-recoil dis-
torted-wave Born-approximation (DWBA) selec-
tion rules. ' ' Recently, it has been shown" that
the complete treatment including the recoil terms
is necessary in some cases to reproduce the ex-
perimental data, and therefore that the no-recoil
selection rules cannot be used a Priori. In this
paper, we show that the observed j and Q depen-
dence can be deduced from a simple discussion
of the physics of the problem.

We recall that a semiclassical treatment' can

be used to describe heavy-ion reactions provided
the condition q =Z,Z,e'/Iv» I is satisfied. It
leads" to two momentum- matching conditions
which must be simultaneously satisfied if the
transfer probability is to be large. The first con
dition comes from conservation of the trans-
ferred-nucleon velocity. The second condition
comes from total angular momentum conserva-
tion. For one-nucleon transfer reactions, taking
the transferred-nucleon spin into account, these
conditions are'

l, —X;R,/R, = A.& (Condition II),

L;+A., +v; =Lf+A f+(Tf (Condition I),

where I, = k,R,/p, , is the average angular momen-
tum due to center-of-mass motion (k, is the rela-
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