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Spallation reactions in 27Al and 56Fe induced by 800 MeV protons
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Spallation of27Al and 56Fe by 800 MeV protons was investigated at the WNR facility of the Los Alamos
National Laboratory. Production cross sections for a considerable number of residual nuclei were determined
for both targets by use of three different methods. Because of the specific time structure of the WNR beams it
was possible to observe both the promptg radiation resulting from the final stage of the spallation reaction and
theg radiation due to the decay of short-lived residual nuclei by delayedg-ray spectroscopy. The activity of
long-lived residual nuclei was measured several weeks after the irradiation with a calibrated high-purity Ge
g-ray detector. In the promptg-ray spectrum it was possible to observe the transitions from the first excited
21 state to the ground state for all even-even nuclei strongly populated in the spallation reactions and, from
these data, to deduce the production cross sections of these mostly stable nuclei in addition to the short- and
long-lived residual nuclei mentioned before. In this way production cross sections for 36 nuclides from the
proton interactions with56Fe and for 12 nuclides in the case of27Al could be measured; in addition, mean-
ingful upper limits were obtained for a number of further nuclides in both cases. The results are in reasonable
agreement with previous measurements obtained by different methods; for a number of nuclides, production
cross sections were determined for the first time. The present data as well as the results of all previous
measurements are compared with the predictions of the semiempirical systematics and with quantum molecular
dynamics calculations.@S0556-2813~97!03305-0#

PACS number~s!: 25.40.Sc, 25.40.2h, 24.10.Lx
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I. INTRODUCTION

The mass and charge distribution of the reaction produ
from spallation reactions induced by protons in the ene
range from several hundred MeV to several GeV has b
investigated in a number of experiments@1#. Cross sections
for the formation of radioactive residual nuclei with ha
lives exceeding some hours have been investigated in a n
ber of experiments by conventionalg-ray spectroscopy and
accelerator mass spectrometry~AMS! @1#. In addition, the
production of stable isotopes of noble gases has been m
sured by gas production measurements and mass ana
@1#. Much less information, however, exists about the p
duction of stable isotopes from elements other than no
gases, and for short-lived residual nuclei. Only one exp
ment has been reported for nuclides heavier than oxyge
which the full mass and charge distribution of the spallat
products has been measured by detection of the reco
nuclei in so-called inverse kinematics atE5600 MeV for a
wide range of target nuclei@2#. Although the results of this
experiment are in reasonable overall agreement with
above-mentioned activation, AMS, and gas production m
surements, there are a number of discrepancies excee
experimental errors@1#.
550556-2813/97/55~5!/2458~10!/$10.00
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For the latter reason an experiment was performed us
in-beamg-ray spectroscopy. This method, which so far h
not been used in the study of spallation reactions, allows
determination of cross sections for formation of stable a
very short-lived isotopes, both of which cannot be measu
by conventional activation techniques. In addition it is t
purpose of this paper to demonstrate that in-beamg-ray
spectroscopy can be used successfully for spallation stu
of light- and medium-weight nuclei in spite of the extrem
complexity of the promptg-ray spectra, which are a supe
position of theg cascades from a large number of residu
nuclei.

Two nuclei, 27Al and 56Fe have been selected for th
study because they have been studied before in a numb
papers@1,2#. Thus these nuclei are well suited for the goal
obtaining a rather complete mass and charge distribution
the residual nuclei by combining our results with the existi
data base. In addition, checks of the results obtained by v
different methods become possible for a number of resid
nuclei.

In Secs. II and III we describe the experiments and
data analysis. In Sec. IV we present the results, the forma
cross section for a large number of residual nuclei by prot
induced spallation of27Al and 56Fe and compare them to th
existing data and to the prediction of the semiempirical s
2458 © 1997 The American Physical Society
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55 2459SPALLATION REACTIONS IN 27Al AND 56Fe . . . .
tematics of Silberberg and Tsao@3# and calculations accord
ing to the quantum-molecular-dynamics~QMD! model@4,5#.

II. EXPERIMENTS

Thin foils of 27Al and 56Fe were irradiated with the 80
MeV proton beam of the WNR~Weapons Neutron Researc!
facility of the Los Alamos National Laboratory@6#. This fa-
cility is primarily used for the production of intense, pulse
beams of fast neutrons by spallation reactions of 800 M
protons with thick Be or Ta targets. The proton beam u
for this purpose can, however, also be used parasitically
the study of proton-induced reactions with thin targets. Th
targets can be inserted into the proton beam at a target p
tion upstream of the neutron producing target located i
well-shielded room equipped with a number of beam ho
for the observation of the reaction products. This possibi

FIG. 1. Part of the promptg-ray spectrum from the interactio
of 56Fe with 800 MeV protons.
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was used in our experiment and thus the measurements c
be performed simultaneously with the WNR neutron phys
experiments.

Targets of 6.8260.27 mg/cm2 and 12.1360.24 mg/cm2

were used for56Fe and27Al. This target thickness was cho
sen to conform with two constraints: the maximum adm
sible instaneous count rate in the promptg spectrum and
negligible degradation of the proton beam quality for t
neutron target by energy straggling and small-angle sca
ing. The target thickness was measured after the experim
by accurate measurement of the weight and area of the
diated part of the target foil (;1 cm2). As the target thick-
ness was comparable to the range of the residual nucle
targets were backed by Be stopping foils in order to av
counting losses due to the recoiling nuclei leaving the t
gets.

FIG. 2. Part of the delayedg-ray spectrum from the interaction
of 56Fe with 800 MeV protons.
TABLE I. Cross sections for nuclide production determined by activation from Al1800 MeV protons.

Nuclide T1/2 Eg(keV) I (%)

s ~mb!

This work Previous experiments QMD Tsao

26Si 2.21 s 228 100 ,0.03 - 0.16
25Na 60.0 s 389 12.8 2.760.3 2.660.15 600 MeV @2# 2.78 2.75
24Na 15.024 h 1368 100 10.5560.6 11.460.35 600 MeV @2# 12.31 8.94

11.260.8 @1#

10.960.24 @24#
22Na 2.60 a 1274 100 14.260.47 14.960.2 600 MeV @2# 12.5 11.0

15.161.1 @1#

15.061.5 @10#
23Ne 37.6 s 439 33 1.8660.41 5.660.3 600 MeV @2# 1.18 2.33
18Ne 1.67 s 1041 7.9,1.7 0.05 0.82
23F 2.2 s 1701 48 ,0.05 0.06 0.01
22F 4.23 s 1275 100 0.1660.07 0.16 0.11
21F 4.32 s 350 70.6 1.8960.15 0.70 1.21
20F 11.0 s 1634 100 5.5960.34 3.8960.8 590 MeV @18# 5.47 4.82
20O 13.5 s 1057 100 0.1160.07 0.09
19O 26.9 s 1357 55.8 0.4360.12 0.8060.10 590 MeV @18# 0.34 1.04
14O 70.6 s 2313 99.4,0.11
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TABLE II. Cross sections for nuclide production from56Fe1800 MeV protons determined by activation

Nuclide T1/2

Eg

~keV!
I g

~%!

s ~mb!

This work Previous experiments QMD Tsao

56Co 77.3 d 846.8 100 0.44760.022 0.6460.9 @1# 0.078
0.81 @15#

53Fe 8.51 m 377.9 41 1.9460.33 2.260.2 600 MeV@2# 1.17
2.360.5 600 MeV@16#
3168.7 600 MeV@17#

54Mn 312.3 d 834.8 100 42.662.0 38.863.0 @1# 38.0 33.3
28.0 @15#

42.360.6 600 MeV@2#
52gMn 5.59 d 935 94.3 6.1361.04 10.560.8 @1# 7.87a 26.5a

13.860.4 600 MeV@2#a

14.1 @15#
52mMn 21.1 m 1434.1 100 7.8660.48 1.560.3 590 MeV@18#

760.2 600 MeV@16#
50mMn 1.74 m 783.3 100 0.1960.10 1.19
51Cr 27.7 d 320.1 10.1 44.662.4 44.763.4 @1# 24.2 43.2

38.560.6 600 MeV@2#

20.1 @15#
49Cr 41.9 m 152.9 31.2 11.7460.95 3.660.2 600 MeV@2# 1.37 7.76

19.462 590 MeV @18#
7.360.5 660 MeV@17#

48Cr 21.56 h 308 100 ,0.22 0.9160.16 @9# 0.15 1.90
53V 1.6 m 1006 90 ,0.33 0.72 0.50
48V 15.98 d 983.5 100 25.361.2 23.061.7 @1# 13.6 22.8

19.560.3 600 MeV@2#

4.7 @15#
1562 660 MeV @17#

51Ti 5.8 m 320 93.2 ,0.30 0.79 0.50
48Sc 43.7 h 1037 97.8 ,0.4 0.57 600 MeV@22# 0.38 0.52

0.260.02 600 MeV@2#

0.4660.03 590 MeV@21#
47Sc 3.42 d 159.4 68.5 ,4.80 1.48@15# 2.14 2.12

3.2860.24 @1#

2.060.1 600 MeV@2#
46Sc 83.8 d 889.3 100 11.260.52 10.760.8 @1# 9.37 5.96

11.460.6 600 MeV@2#

6.4 730 MeV@13#
5.860.9 660 MeV@17#

44gSc 3.93 h 1157 99 7.0160.64 1363 600 MeV @16# 18.9a 17.6a

962.6 660 MeV@17#
17.260.9 600 MeV@2#a

44mSc 2.44 d 271.2 86.6 5.5660.67 9.8860.72 @1#

9.10 600 MeV@22#
5.2 @14#

43Sc 3.89 h 372.9 22 4.460.9 4.56 600 MeV@22# 3.16 7.6
361 660 MeV @17#

4.360.2 600 MeV@2#
42mSc 62 s 437.5 100 0.4360.12 1.37a

1227 100
42K 12.36 h 1524.6 18 4.461.9 3.2 730 MeV@19# 4.40 2.25

5.660.03 600 MeV@2#

2.660.23 660 MeV@17#
2.9760.15 660 MeV@25#

4.25 600 MeV@22#
3.0260.31 590 MeV@21#
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TABLE II. ~Continued!.

Nuclide T1/2

Eg

~keV!
I g

~%!

s ~mb!

This work Previous experiments QMD Ts

5.660.30 660 MeV @2#
38mK 7.61 m 2167.6 100 0.7960.2 0.560.05 600 MeV @2# 0.38a 1.38a
41Ar 1.83 h 1293.6 99.2 0.3960.13 0.67 600 MeV@22# 0.43 0.40
39Cl 56 m 1517 40 ,0.3 0.21 730 MeV@19# 0.19 0.27
38Cl 37.3 m 1642.2 31 1.1760.32 0.83 730 MeV@19# 1.49 0.88

0.8060.07 660 MeV @17#
34Cl 32 m 2127.4 41.4 0.2560.12 0.59 730 MeV@19# 0.56 1.34

0.660.07 660 MeV @17#
32Cl 0.3 s 2230 92 ,0.03 0.02
38S 170 m 1942 84 ,0.12 0.0560.01 660 MeV @17# 0.01 0.05
37S 5.0 m 3103 94.1 0.09 0.1
35P 47 s 1572 100 ,0.16 0.03 0.12
33Si 6.2 s 1848 81 ,0.12 0.01 0.37
26Si 2.21 s 228 100 ,0.15 0.04
30Al 3.69 s 2235 65 ,0.29 0.04 0.17
29Al 6.6 m 1273.3 89 0.7960.2 0.52 0.72
28Al 2.24 m 1778.7 100 2.5560.25 2.99 1.78
28Mg 21 h 400.6 36.1,0.6 0.0860.02 660 MeV @17# 0.01 0.17
27Mg 9.46 m 1014.5 27.2 1.060.4 0.22 0.44
25Na 60 s 975.2 14.3,0.80 0.07 0.33
24Na 15.02 d 1368.6 100 1.6660.19 1.07 @15# 0.54 0.90

2754.1 100
22Na 2.60 a 1274.6 100 0.8760.042 0.8660.07 @1# 0.27 0.81

0.36 730 MeV @19#
23Ne 37.6 s 440 33 ,0.3 0.02 0.21
20F 11 s 1634 100 0.7660.11 0.07 0.49

aTotal nuclide production cross section.
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The average beam current (;0.5–1mA) was measured
and registered in 1 min intervals by means of a precis
inductive current measuring device to an accuracy of be
than 2%.

The g-radiation from the targets was measured with
high-purity Ge detector at a distance of about 30 m from
targets at an angle of 150° relative to the proton beam.
WNR beam consisted of 40 macropulses per s separate
either 16.66 or 33.33 ms. Each macropulse had a lengt
600ms. Within each macropulse the beam consisted of n
n
er

e
e
by
of
r-

row micropulses of a width of about 1 ns at intervals of 1
ms. Accordingly the promptg radiation originating from the
so-calledg-cascade deexciting the final residual nucleus w
observed by its time correlation to the micropulses. For t
purpose a two-dimensional measurementEg2T was per-
formed during the accelerator macropulses,T being the dif-
ference between time signals derived from the acceler
micropulses and the Ge-detector pulses. In this way it w
possible to separate the promptg radiation originating from
the targets fromg ratiation produced in the detector and i
TABLE III. Nuclide production cross sections derived from intensity of prompt 21
1→g.s. transitions for

Al1800 MeV protons.

Nuclide Eg ~keV!

s ~mb!

This work Previous experiments QMD Tsao

26Mg 1808.7 38.0463.0 40.160.6 600 MeV @2# 27.9 17.4
24Mg 1368.6 29.062.3 27.260.4 600 MeV @2# 11.7 17.6
22Mg 1247 ,0.5 0.18 0.74
20Ne 1633.8 9.8760.8 20.4a62 @1# 9.97 14.0

10.960.3 600 MeV @2#
18Ne 1887.3 ,0.05 0.05 0.82
20O 1673.7 ,0.20 0.09 0.09
18O 1982.2 3.7560.38 3.0 5.09

aCorrected for contribution from20F and 20Na.
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TABLE IV. Nuclide production cross sections for56Fe1800 MeV protons derived from the intensity o
prompt 21

1→g.s. transitions.

Nuclide Eg ~keV!

s ~mb!

This work Previous experiments QMD Tsao

56Fe 846.8 23.462.1 2.05
54Fe 1408.4 20.263.5 12.260.4 600 MeV @2# 7.05
52Fe 840 ,0.76 1.860.3 660 MeV @17# 0.20
54Cr 834.9 3.360.3 3.060.15 600 MeV @2# 5.75 3.7

3.461 600 MeV @23#
52Cr 1431.1 44.262.7 40.560.6 600 MeV @2# 22.0 33.2

56.1613 600 MeV @23#
50Cr 783.3 26.562.4 23.760.4 600 MeV @2# 10.4 35.6

2762.8 600 MeV @23#
50Ti 1553.7 ,1.2 1.260.12 600 MeV @2# 1.03 1.27
48Ti 983.5 22.762.3 22.360.3 600 MeV @2# 12.3 13.9
46Ti 889.2 3263.8 19.660.3 600 MeV @2# 17.3 29.8
44Ti 1083 0.9460.53 0.7860.06 @11# 0.18 2.01
46Ca 1347 1.1360.47 0.32 0.44
44Ca 1157 9.761.6 8.060.4 600 MeV @2# 6.23 5.43
42Ca 1524.6 32.762.9 18.560.3 600 MeV @2# 20.0 22.0
40Ca 3730b ,0.1 0.560.05 600 MeV @2# 2.0
42Ar 1208.2 ,0.47 0.0460.006 730 MeV@13# 0.05 0.14
40Ar 1460.8 1.9760.55 3.160.15 600 MeV @2# 2.71 1.99
38Ar 2167.8 1261.3 17.961.6 @1#a 18.0 14.0

9.760.3 600 MeV @2#
36Ar 1970 ,1.2 1.13 600 MeV@12# 0.46 2.01

1.160.1 600 MeV @2#
36S 3291 ,0.3 0.960.1 600 MeV @2# 0.74 0.86
34S 2127.4 3.860.3 6.160.1 600 MeV @2# 11.6 7.51
32S 2230 ,0.3 1.160.1 600 MeV @2# 0.55 1.80
32Si 1941 ,0.5 0.46 730 MeV@13# 0.18 0.37
30Si 2335 ,0.75 5.2 3.69
28Si 1779 ,0.5 0.54 1.59
22Ne 1247.6 ,0.7 0.860.15 @14# 0.20 0.94

0.4 600 MeV @12#
20Ne 1633.8 ,0.6 0.75 600 MeV@12# 0.10 1.13

1.0460.2 @14#
14O 1982.2 ,0.75 0.03 0.65

aCorrected for contribution of38Cl and 38K according to Ref.@9# and this work.
bEnergy of lowest 32 level.
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surroundings by the neutrons also produced in the targe
Theg radiation from the decay of the short-lived residu

nuclei formed in spallation reactions was measured betw
the macropulses by setting a time window of 15 ms after
end of each macropulse. Two runs, each of about 1 day
ration, were performed for each target.

The efficiency of the Ge detector was measured~using the
same time windows as in the experiments! to about63% by
means of calibrated sources of152mEu and 56Co over the
energy range 0.12–3.5 MeV. The calibration measurem
was performed at a source to detector distance of 64 cm.
efficiency measurement was transformed to the tar
detector distance of 30 m employed in the experiment us
the inverse square law and an appropriate correction for p
ton attenuation in the air of the flight path. Examples of t
raw data are given in Figs. 1 and 2 showing parts of
.
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prompt and delayed spectra from the interaction of the p
tons with 56Fe. The number of counts in the gamma pe
areas was obtained by adding the channel contents within
peak and subtracting a smooth background. This backgro
was obtained from a linear fit to suitable background regio
on both sides of the peak. After the experiment the irradia
Al and Fe foils were transferred to the Institut fu¨r Radium-
forschung und Kernphysik, University of Vienna and th
g-radiation from all long-lived activities produced in th
samples was measured with a high-purity Ge detector c
brated to better than 2%.

III. DATA ANALYSIS

As the main purpose of this work is determination of t
mass and charge distribution of the spallation products,
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55 2463SPALLATION REACTIONS IN 27Al AND 56Fe . . . .
analysis of the prompt spectra was restricted to the meas
ment of the cross sections for transition from the first exci
21 levels to the ground state in even-even nuclei as o
these can be directly converted into production cross sect
for the corresponding residual nuclei. From reactions
lower incident energies it is well known that more than 90
of all g cascades in even-even nuclei proceed via this tr
sition as the last step of the cascade. At our incident ene
of 800 MeV this fraction will be even higher because of t
larger average spin of the residual nuclei at the beginning
theg cascade. In addition it has been shown that the ang
distributions of these 21→ground state~g.s.! g lines become
nearly isotropic above incident energies of some 100 M
@7#. Therefore it can be safely assumed that the relative
tensities ofg lines from 21

1→g.s. transitions observed at on
angle ~150°! can be used as relative cross sections for
formation of the corresponding residual nuclei. In the prom
Al spectra the density ofg lines is sufficiently low so that
chance coincidences between the energies of the 21

1→g.s.
transitions in question and other strongg lines are highly
improbable. In the case of the prompt56Fe spectra a much
larger number of residual nuclei contributes with compara
intensity and it has to be checked carefully whether the
ergies of the considered 21

1→g.s. transitions coincide within
our energy resolution~3 keV! with the energies of othe
strongg transitions. For this purpose allg transitions occur-
ring within the lowest 20 levels of all residual nuclei pr
duced with noticeable cross sections were extracted from
ENSDF file @8# and combined into one list ordered byg
energy. This list was used to check all consideredg lines for
‘‘contaminations.’’ In this search we identified four suc
cases. The 1408.4 keV, 21

1→g.s. transition in54Fe cannot be
resolved from the 1408.5 keV (72)1

1→g.s. transition in55Fe
and the 889.2 keV 21

1→g.s. transition in46Ti is ‘‘contami-
nated’’ by the 891.6 keVg line from the 51

2→g.s. transition
in 40K. In both cases estimated corrections~amounting to
;20%! were applied to our measured peak intensities.
addition the 1807.7 and 1368.7 keV 21

1→g.s. in 26Mg and

FIG. 3. Comparison of our data for Al with the results of We
ber @2# from direct observation of recoils. Open squares5Mg,
closed squares5Na, open circles5Ne.
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24Mg transitions cannot be resolved from transitions
1810.8 keV ~in 56Fe) and 1369.7 keV~in 55Fe). As the
expected intensities of the interfering lines are comparabl
the total observed peak intensities no determination of
24Mg and 26Mg production cross section was possible.
order to convert the relative values into absolute cross s
tions for the Fe experiment we combined our accurate a
vation cross section measurement for51Cr ~44.59
62.36 mb, see Table II!1 with the production ratios 52Cr /
s 51Cr51.052 determined in@2#. Because of the small mas
difference and the fact that both nuclides are in the flat p
of the mass distribution this ratio is to a large extent free
systematic errors and accurate to about 3%. Combining th
two values we obtain a value of 44.262.7 mb for 52Cr and
the cross sections for all other even-even nuclei were ca
lated by means of the relation

sA~mb!544.2
NA

N52Cr

«1.43
«EA

. ~1!

NA is the number of counts in theg-peak from the
21

1→g.s. transition from nuclideA, N52Cr is the number of
counts in the 1.43 MeV peak from the 21

1→g.s. decay in
52Cr.
In the calculation of the uncertainties the statistical unc

tainties ofNA andN52Cr , the stated error of the referenc
cross section and the uncertainty of the efficiency ra
«1.43/«EA ~3%! were added quadratically. In addition, an u
certainty of 3% was added for possible differences in angu
distribution of the transition in52Cr and nuclideA, and 5%
for possible differences in the fraction of the residual nuc
decaying via 21

1→g.s transitions in52Cr and nuclideA.

1Reduced by 6% in order to correct for the contribution of51Mn
to the measured51Cr activity @2#.

FIG. 4. Comparison of our data for56Fe with the results of
Webber @2# observed by direct observation of recoil
Open squares5Fe, closed squares5Mn, open circles5Cr, closed
circles5V, open triangles5Ti, closed triangles5Sc, open
diamonds5Ca, closed diamonds5K, open hexagons5Ar.
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FIG. 5. Independent production cross sectio
for Mg, Na, and Ne isotopes in the interaction
600–800 MeV protons with Al. Closed circles
this work, open triangles: Webber@2#, closed tri-
angles: Michel@1#, closed diamonds: other ex
periments, solid line: QMD calculation, dotte
line: Tsao-Silberberg systematics.
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For the27Al experiment we normalized our cross sectio
to the weighted average of the22Ne cross section measure
by Webberet al. @2# 14.960.78 mb and Michelet al. @1#
13.860.88 mb. Accordingly, the cross sections were cal
lated by means of the relation

sA~mb!514.4
NA

N22Ne

«1.274
«EA

. ~2!

The uncertainties of these values were calculated as
scribed before.

The g-intensities observed in the delayed spectra w
converted into nuclide production cross sections by mean
the relation

s~mb!51027
N~Eg!

«~Eg!

~r 1 /r 2!
21.602310216 exp~mr 1!

Q~nd! f TB
~3!

with N(Eg) the number of counts in theg peak,« the peak
efficiency forEg , r 1 ,r 2 the source detector distances in t
experiment~30.06 m! and in the calibration run~0.641 m!,
Q the integrated charge of the experiment inmC, nd the
target thickness~nuclei/cm2), B the branching ratio of the
observedg line in the investigated decay, exp (mr1) the cor-
rection for theg attenuation of the air between target a
detector~not present in the calibration experiment!, and f T
the fraction of all decays occurring during the measurem

The factorf T depends on the half-lifeT1/2 of the respec-
tive decay, the irradiation timeTirr , and the time dependenc
of the proton intensity during the irradiation and during
irradiations of the investigated target preceding the con
ered measurement. It can be calculated analytically for
case of constant proton intensity. In our experiments
approximation was not applicable due to a number of in
missions within each run and other fluctuations of the be
current intensity. Therefore a computer code was develo
to calculatef T . In this code the whole irradiation time, tha
is the time between the first irradiation of the conside
target to the end of the considered measurement, is div
into a large number of time intervals. For each interval
code calculates the fractionQi /Q of the total charge deliv-
ered within the intervalDTi and the fractionf (DTi) of all
-

e-

e
of

t.

l
-
e
is
r-
m
ed

d
ed
e

nuclei formed inDTi which decay during the considere
measuring time. Finally the fractionf T is calculated:

f T5(
i

Qi

Q
f ~DTi !. ~4!

The cross-section uncertainties were calculated by q
dratic addition of the uncertainties of all factors in Eq.~3!.
Uncertainties of about 3% were estimated for (r 1 /r 2)

2,
«(Eg), andQ, respectively, uncertainties of 2 and 4 % we
assigned to the target thickness (nd) of Al and 56Fe and the
uncertainties off T and exp(mr1) can be neglected.

For radioactive residual nuclei decaying into stable nuc
we had to deal with the additional complication in cas
where the same level of final stable nuclei is populated
both b2 andb1, respectively,EC, decays. In these case
assignment of the observedg intensities was either based o
g lines populated only in one of the decays allowing to sp
the jointly populatedg lines into their components or, if no
such lines existed, on the already existing information on
mass and charge distribution, which in most cases allowe
neglect the contribution of one of the decays relative to
other. The same problem occurred for decays from isom
and ground states of residual nuclei. Due to the spin diff
ences between these levels, however, someg rays are popu-
lated in only one of the decays and a determination of b
cross sections was possible.

After the irradiation the Al and Fe samples were tran
ferred to the Institut fur Radiumforschung und Kernphysik

FIG. 6. Independent production cross sections for O and F
topes from the interaction of 600–800 MeV protons with Al. Th
notation is the same as in Fig. 5.
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FIG. 7. Independent production cross sectio
for Fe, Mn, and Cr isotopes from the interactio
of 600–800 MeV protons with56Fe. The nota-
tion is the same as in Fig. 5.
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Vienna and the activity of long-lived residual nuclei~ 56Co,
54Mn, 51Cr, 48V, 46Sc, and 22Na! was measured with a
calibrated high-purity Geg-ray detector. The uncertainty o
the efficiency calibration of this detector was less than 2
For every nuclide the most intenseg lines were analyzed a
described above and the production cross sections were
rived from the measured activities.

IV. RESULTS AND DISCUSSION

The results of the activation measurements for both
short- and long-lived residual nuclei and the decay data u
in the determination of the cross sections are summarize
Tables I and Tables II and compared to all previous d
@1,2,9–25#. The tables include all reported cross section d
at E5800 MeV, the cross sections from direct observat
of the recoiling nuclei@2# and a number of activation mea
surements in the energy range 590–800 MeV, as most c
sections are approximately constant~within about 10–20 %!
over this energy range@1,2,3,4,26#. Cases in which the inci-
dent energy of the literature values is different from the
ergy of this work are specially marked in the tables. Furth
more the tables give the predictions of the semiempir
systematics of Tsao and Silberberg@3# and of the QMD
model @4#. The cross sections for formation of even-ev
nuclei from the promptg spectra are shown in Tables III an
Tables IV where they are compared to both existing m
surements and theoretical predictions in the same way
described for Tables I and II.

As apparent from Tables I and II, there is excellent agr
ment between our activation measurements for long-li
residual nuclei~ 54Mn, 51Cr, 48V, 46Sc, and22Na! with the
recent results of Michelet al. @1# and strong disagreemen
.
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with the older activation measurements@13,15,17#. These
older experiments seem to suffer from some systematic e
such as inadequate consideration of the effects of secon
particles. Concerning the cross sections of@1# for production
of noble gases by mass spectroscopy, our data show s
significant discrepancies for the production of20Ne from Al
~see Table I! and 38Ar from 56Fe ~see Table IV!. In both
cases our data for the production of these nuclei agree
the results from Webberet al. @2#.

As discussed in@1#, there exist considerable discrepanci
between the data of their work from activation, convention
and accelerator mass spectroscopy and the results of@2# from
direct observation of the recoiling residual nuclei, whi
need further clarification. A comparison of our data wi
those of@2# is therefore shown in Figs. 3 and 4. The figur
show the ratio between the cross sections of@2# and our
present measurements; the uncertainties of the ratios are
rived from the cross section uncertainties listed in Tab
I–IV.

Figure 3 and Tables I and III show that there is agreem
within experimental uncertainties between our results a
those of @2# for the Al experiment except for the case
23Ne. There, our result is much smaller than that of@2#. For
the 56Fe experiment the situation is less satisfactory~see Fig.
4 and Tables II and IV!. For 4 out of 19 residual nuclei the
cross-section ratios deviate from unity far outside of the
timated uncertainty. For the three cases54Fe, 46Ti, and
42Ca our cross sections derived from the prompt 21

1→g.s.
intensity are about a factor of 1.7 higher than Webber’s
sult and the cross section for formation of49Cr determined
by activation was found to be three times larger than given
@2#. The discrepancies for54Fe, 46Ti, and 42Ca could, in
principle, be due tog lines coinciding in energy with the
ns
f

FIG. 8. Independent production cross sectio
for V, Ti, and Sc isotopes from the interaction o
600–800 MeV protons with56Fe. The notation is
the same as in Fig. 5.
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FIG. 9. Independent production cross sectio
for Ca, K, and Ar isotopes from the interaction o
600–800 MeV protons with56Fe. The notation is
the same as in Fig. 5.
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respective 21
1→g.s. transitions in our spectra, but the occu

rence of three such cases with rather high cross sect
seems highly improbable considering our careful check
such contaminating transitions. In the case of49Cr, which
was measured by activation in our experiment, we do not
how we could overestimate the cross section by a factor o
In addition, previous activation measurements on49Cr pro-
duction ~see Table II! also give much higher cross sectio
than @2#. Finally it is to be noticed that also some upp
limits derived from our data for cross sections in the win
of the mass distribution also disagree with the results of@2#.
On the whole, however, our data show a somewhat be
agreement with the data of Webberet al. @2# than observed
by Michelet al. in the comparison of his data to@2# ~see Fig.
14 of @1#!.

The experimental situation can be summarized as follo
A considerable part of the older activation measurements
proved unreliable and should no longer be considered
comparison with theory. However, even the three most
cent and most complete sets of cross section measurem
for aluminum and iron,@1,2# and this work, do show som
disturbing discrepancies between each pair of experim
which need further clarification. In detail new measureme
should be performed to resolve the discrepancies concer
20Ne and23Ne production from aluminum and production
54Fe, 49Cr, 46Ti, 42Ca, and 38Ar from iron and also new
measurements on production of sulfur and silicon isotope
order to check the very low cross sections for these isoto
indicated by our results~see Table II!.

A comparison of all existing data on spallation of alum
num and iron with the semiempirical systematics of Tsao
Silberberg@3# and the quantum-molecular-dynamics mod
~QDM! followed by statistical decay~SDM! is given in Figs.
5–10 showing the nuclide production cross sections
O-Mg from Al and Ar-Fe from56Fe. All calculations were
performed for an incident proton energy of 800 MeV. T
calculations according to the Tsao systematics were
formed using a special version of the codeSPALL @9# incor-
porating the most recent features of the Tsao systematics
were supplied to us by Michel@27#. The QMD1SDM model
@4,5# has evolved from the intranuclear cascade model~INC!.
It differs from the conventional INC~as, e.g., used in the
code HETC! mainly by introducing a self-consistent mea
field effect which results in the formation of complex pa
ticles already in the first cascade stage of the reaction@4,5#.
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For the case of the reaction considered it seems to be equ
lent to the conventional INC model. Experimental da
shown cover the energy range 590–800 MeV where
cross section is expected to change by less than about
@1,3,26#. In this way a much larger data base can be used
the comparison at the expense of a relatively small additio
uncertainty, as both the differences between measurem
and theory and within the different measurements are c
siderably larger than the effect of different incident prot
energies in the chosen mass range. All calculated cross
tions in Figs. 5–10 are independent cross sections, the s
is true for the results of direct observation of recoils@2# and
our results derived from the promptg spectra. All cross sec
tions derived from activation measurements and mass s
trometry were therefore also converted to independent c
sections by suitable corrections for the production of the
spective nuclei by radioactive decay of neighboring nuclid
Points with one-sided error bars sitting on the abscissa i
cate upper limits for cross sections obtained in this work

Figures 5 and 6 show that for Al the quality of the the
retical description by the QMD model is now approximate
as good as that of the semiempirical systematics, altho
the QMD model does not contain any parameters fitted to
existing data on nuclide production cross sections.

For 56Fe ~Figs. 7–10! the QMD model does not quite s
well. In this case the model seems to systematically und
estimate the production of nuclides with lowDZ and to over-
estimate the production of higherDZ values and does no

FIG. 10. Independent production cross sections for Cl an
isotopes from the interaction of 600–800 MeV protons with56Fe.
The notation is the same as in Fig. 5.
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give a description as good as the systematics.
However, there are for both targets still deviations up t

factor of 2 between the experimental data and both calc
tions even for nuclides in the peaks of the mass distribut
Unfortunately the overall spread even of the more recent d
is still so large that it is difficult to draw general conclusio
on possible systematic dependencies of the observed dis
ancies onZ andA.
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