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Spallation reactions in 2’Al and °%Fe induced by 800 MeV protons
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Spallation of?’Al and %%Fe 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 promphadiation resulting from the final stage of the spallation reaction and
the y radiation due to the decay of short-lived residual nuclei by delayesly spectroscopy. The activity of
long-lived residual nuclei was measured several weeks after the irradiation with a calibrated high-purity Ge
y-ray detector. In the prompg-ray spectrum it was possible to observe the transitions from the first excited
2" 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 witt?®Fe and for 12 nuclides in the case TRl 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 calculation§S0556-28137)03305-0

PACS numbd(s): 25.40.Sc, 25.46:h, 24.10.Lx

[. INTRODUCTION For the latter reason an experiment was performed using
in-beam~y-ray spectroscopy. This method, which so far has
not been used in the study of spallation reactions, allows the
determination of cross sections for formation of stable and
e)(/ery short-lived isotopes, both of which cannot be measured
By conventional activation techniques. In addition it is the
purpose of this paper to demonstrate that in-beginmay

spectroscopy can be used successfully for spallation studies

lives exceed!ng some hours haye been investigated in a nurg light- and medium-weight nuclei in spite of the extreme
ber of experiments by conventiongdray spectroscopy and complexity of the prompty-ray spectra, which are a super-

accelerator mass spectromet®MS) [1]. In addition, the  qsition of they cascades from a large number of residual
production of stable isotopes of noble gases has been meggjei.
sured by gas production measurements and mass analysiSTyq nuclei, 27Al and 5%Fe have been selected for this

[1]. Much less information, however, exists about the pro-study because they have been studied before in a number of
duction of stable isotopes from elements other than n0b|9aper5[1,2]_ Thus these nuclei are well suited for the goal of
gases, and for short-lived residual nuclei. Only one experiobtaining a rather complete mass and charge distribution of
ment has been reported for nuclides heavier than oxygen, ithe residual nuclei by combining our results with the existing
which the full mass and charge distribution of the spallationdata base. In addition, checks of the results obtained by very
products has been measured by detection of the recoilindifferent methods become possible for a number of residual
nuclei in so-called inverse kinematics Bt 600 MeV for a  nuclei.

wide range of target nuclgR]. Although the results of this In Secs. Il and Il we describe the experiments and the
experiment are in reasonable overall agreement with thdata analysis. In Sec. IV we present the results, the formation
above-mentioned activation, AMS, and gas production meaeross section for a large number of residual nuclei by proton-
surements, there are a number of discrepancies exceediimgduced spallation of’Al and >®Fe and compare them to the
experimental errorfl]. existing data and to the prediction of the semiempirical sys-

from spallation reactions induced by protons in the energ
range from several hundred MeV to several GeV has be
investigated in a number of experimeffig. Cross sections
for the formation of radioactive residual nuclei with half-
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;'G- 1. Part of the prompj-ray spectrum from the interaction FIG. 2. Part of the delayeg-ray spectrum from the interaction
of *°Fe with 800 MeV protons. of S%Fe with 800 MeV protons.

tematics of Silberberg and Ts&8] and calculations accord- ) ]
ing to the quantum-molecular-dynami@@MD) model[4,5].  Was used in our experiment and thus the measurements could
be performed simultaneously with the WNR neutron physics

experiments.

Targets of 6.820.27 mg/cm and 12.130.24 mg/cm

Thin foils of 27Al and ®Fe were irradiated with the 800 were used forr®Fe and?’Al. This target thickness was cho-
MeV proton beam of the WNRWeapons Neutron Reseajch sen to conform with two constraints: the maximum admis-
facility of the Los Alamos National Laboratof]. This fa-  sible instaneous count rate in the promptspectrum and
cility is primarily used for the production of intense, pulsed negligible degradation of the proton beam quality for the
beams of fast neutrons by spallation reactions of 800 Me\heutron target by energy straggling and small-angle scatter-
protons with thick Be or Ta targets. The proton beam usedng. The target thickness was measured after the experiment
for this purpose can, however, also be used parasitically fopy accurate measurement of the weight and area of the irra-
the study of proton-induced reactions with thin targets. Theseliated part of the target foil{ 1 cn?). As the target thick-
targets can be inserted into the proton beam at a target posiess was comparable to the range of the residual nuclei the
tion upstream of the neutron producing target located in dargets were backed by Be stopping foils in order to avoid
well-shielded room equipped with a number of beam holesounting losses due to the recoiling nuclei leaving the tar-
for the observation of the reaction products. This possibilitygets.

II. EXPERIMENTS

TABLE I. Cross sections for nuclide production determined by activation from88I0 MeV protons.

o (mb)
Nuclide T Ey(keV) 1(%) This work Previous experiments QMD Tsao
26gj 221 s 228 100 <0.03 - 0.16
*Na 600 s 389 12.8 2#0.3 2.6-0.15 600 MeV [2] 2.78 2.75
2Na 15.024 h 1368 100 10.39.6 11.4-0.35 600 MeV [2] 12.31 8.94
11.2+0.8 [1]
10.9+0.24 [24]
Na 260 a 1274 100  14#20.47 14.9-0.2 600 MeV [2] 125 11.0
15.1+1.1 [1]
15.0£1.5 [10]
ZNe 376 s 439 33 1.860.41 5.6:0.3 600 MeV [2] 1.18 2.33
8Ne 167 s 1041 7.9<1.7 0.05 0.82
23 22 s 1701 48 <0.05 0.06 0.01
22 423 s 1275 100 0.160.07 0.16 0.11
2 432 s 350 70.6 1.890.15 070 1.21
20F 11.0 s 1634 100 5.590.34 3.89-0.8 590 MeV[18] 5.47 4.82
200 135 s 1057 100 0.10.07 0.09
%0 269 s 1357 558 0.430.12 0.80-0.10 590 MeV[18] 0.34 1.04
Yo 706 s 2313 99.4<0.11
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TABLE II. Cross sections for nuclide production frorfiFe+800 MeV protons determined by activation.

o (mb)
E7 IV
Nuclide T (keV) (%) This work Previous experiments QMD  Tsao
6Co 773 d 846.8 100  0.4470.022 0.64-0.9[1] 0.078
0.81[15]
=) 851m 3779 41 1.940.33 2.2:0.2  600MeV[2] 1.17
2.3+0.5 600 MeV[16]
31+8.7 600 MeV[17]
5Mn 312.3 d 834.8 100 42:62.0 38.8:3.0[1] 38.0 33.3
28.0[15]
42.3+0.6 600 MeV[2]
52Mn 559 d 935 94.3 6.181.04 10.5-0.8[1] 7.8% 26.8
13.8£0.4 600 MeV[2]F
14.1[15]
52"Mn 21.1 m 1434.1 100 7.860.48 1.5-0.3 590 MeV[18]
7+0.2 600 MeV[16]
S0MMn 1.74 m 783.3 100 0.190.10 1.19
Sicy 277 d 3201 101 448624 44.7:3.4[1] 24.2 43.2
38.5-0.6 600 MeV[2]
20.1[15]
“ocr 419 m 1529 31.2 11.2095 3.6:0.2 600MeV[2] 1.37 7.76
19.4+2 590 MeV[18]
7.3:0.5 660 MeV[17]
“8Cr 2156 h 308 100 <0.22 0.9%0.16[9] 0.15 1.90
53y 1.6 m 1006 90 <0.33 0.72 0.50
48y 1598 d 9835 100 25:81.2 23.0-1.7[1] 13.6 22.8
19.5£0.3 600 MeV[2]
4.7[15]
15+ 2 660 MeV[17]
ST 58 m 320 93.2 <0.30 0.79 0.50
483¢ 437 h 1037 97.8 <0.4 0.57 600 MeV[22] 0.38 0.52
0.2+0.02 600 MeV[2]
0.46+0.03 590 MeV[21]
4'sc 342 d 1594 685 <4.80 1.48[15] 2.14 2.12
3.28+0.24[1]
2.0:0.1 600 MeV[2]
485 83.8 d 889.3 100 11+20.52 10.70.8[1] 9.37 5.96
11.4£0.6 600 MeV[2]
6.4 730 MeV[13]
5.8+0.9 660 MeV[17]
4495 3.93 h 1157 99 7.010.64 13-3 600 MeV[16] 18.9% 17.¢
9+2.6 660 MeV[17]
17.2£0.9 600 MeV[2]?
4amg e 244 d 2712 86.6 5.360.67 9.88-0.72[1]
9.10 600 MeV[22]
5.2[14]
433¢c 389 h 3729 22 4140.9 456 600 MeM[22] 3.16 7.6
3*+1 660 MeV[17]
4.3+0.2 600 MeV[2]
42mg e 62 s 4375 100 0.430.12 1.37
1227 100
2K 1236 h 1524.6 18 4419 3.2 730 MeV[19]  4.40 2.25
5.6+0.03 600 MeV[2]
2.6+0.23 660 MeV[17]
2.97+0.15 660 MeV[25]
4.25 600 MeV[22]
3.02£0.31 590 MeV[21]
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TABLE Il. (Continued.

o (mb)
E7 lY
Nuclide T (keV) (%) This work Previous experiments QMD Tsao
5.6+0.30 660 MeV [2]
sam 7.61m 2167.6 100 0.790.2 0.5-£0.05 600 MeV [2] 0.38 1.3&
YAr 1.83h 1293.6 99.2 0.390.13 0.67 600 MeV[22] 0.43 0.40
39| 56m 1517 40 <0.3 0.21 730 MeV[19] 0.19 0.27
38| 37.3m 16422 31 1.170.32 0.83 730 MeV[19] 1.49 0.88
0.80+0.07 660 MeV[17]
34l 32m 21274 414 0.250.12 0.59 730 MeV[19] 0.56 1.34
0.6+0.07 660 MeV[17]
32| 03s 2230 92 <0.03 0.02
385 170m 1942 84 <0.12 0.05-0.01 660 MeV[17] 0.01 0.05
SIS 50m 3103 94.1 0.09 0.16
35p 47 s 1572 100 <0.16 0.03 0.12
33g;j 6.2s 1848 81 <O0.12 0.01 0.37
26g;j 221s 228 100 <0.15 0.04
30| 369s 2235 65 <0.29 0.04 0.17
29| 6.6m 1273.3 89 0.720.2 0.52 0.72
28 2.24 m 1778.7 100 2.550.25 299 1.78
28Mg 21h 400.6 36.1<0.6 0.08-0.02 660 MeV[17] 0.01 0.17
Mg 9.46 m 10145 272 1004 0.22 0.44
*Na 60 s 975.2 14.3<0.80 0.07 0.33
%Na 15.02d 1368.6 100 1.660.19 1.07 [15] 0.54 0.90
2754.1 100
22Na 260 a 1274.6 100 0.870.042 0.86:0.07 [1] 0.27 0.81
0.36 730 MeV[19]
2Ne 376s 440 33 <0.3 0.02 0.21
20 11s 1634 100 0.760.11 0.07 0.49

&Total nuclide production cross section.

The average beam current-0.5—1 uA) was measured row micropulses of a width of about 1 ns at intervals of 1.8
and registered in 1 min intervals by means of a precisionus. Accordingly the promp¥ radiation originating from the
inductive current measuring device to an accuracy of betteso-calledy-cascade deexciting the final residual nucleus was
than 2%. observed by its time correlation to the micropulses. For this

The y-radiation from the targets was measured with apurpose a two-dimensional measuremént-T was per-
high-purity Ge detector at a distance of about 30 m from thdormed during the accelerator macropulsédeing the dif-
targets at an angle of 150° relative to the proton beam. Théerence between time signals derived from the accelerator
WNR beam consisted of 40 macropulses per s separated lyicropulses and the Ge-detector pulses. In this way it was
either 16.66 or 33.33 ms. Each macropulse had a length gfossible to separate the promptadiation originating from
600 us. Within each macropulse the beam consisted of narthe targets fromy ratiation produced in the detector and its

TABLE IlI. Nuclide production cross sections derived from intensity of prompt-2g.s. transitions for
Al +800 MeV protons.

o (mb)
Nuclide Ey (keV) This work Previous experiments QMD Tsao
Mg 1808.7 38.043.0 40.1-0.6 600 MeV[2]  27.9 17.4
Mg 1368.6 29.62.3 27.2-0.4 600 MeV[2]  11.7 17.6
22Mg 1247 <0.5 0.18 0.74
2Ne 1633.8 9.870.8 20.4=2 [1] 9.97 14.0
10.9+0.3 600 MeV [2]

18Ne 1887.3 <0.05 0.05 0.82
20 1673.7 <0.20 0.09 0.09
180 1982.2 3.7%0.38 3.0 5.09

&Corrected for contribution

fronf%F and *Na.
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TABLE IV. Nuclide production cross sections f6PFe+800 MeV protons derived from the intensity of
prompt 2/ —g.s. transitions.

o (mb)
Nuclide Ey (keV) This work Previous experiments QMD Tsao
SéFe 846.8 23.42.1 2.05
=) 1408.4 20235 12.2£0.4 600 MeV [2] 7.05
52Fe 840 <0.76 1.8:0.3 660 MeV [17] 0.20
S4Cr 834.9 3.30.3 3.0:0.15 600 MeV [2] 5.75 3.7
3.4+1 600 MeV [23]
S2cr 1431.1 44,327 40.5-0.6 600 MeV [2] 22.0 33.2
56.1+13 600 MeV [23]
Socr 783.3 26.52.4 23.7-0.4 600 MeV [2] 10.4 35.6
27+2.8 600 MeV [23]
50Tj 1553.7 <12 1.2-0.12 600 MeV [2] 1.03 1.27
48T 983.5 22.72.3 22.3-0.3 600 MeV [2]  12.3 13.9
46Tj 889.2 32:3.8 19.6-0.3 600 MeV [2] 17.3 29.8
44Tj 1083 0.94r0.53 0.78:0.06[11] 0.18 2.01
“6Cca 1347 1.130.47 0.32 0.44
4Ca 1157 9.%1.6 8.0:0.4 600 MeV [2] 6.23 5.43
4Ca 1524.6 32.%2.9 18.5-0.3 600 MeV [2] 20.0 22.0
4ca 3736 <0.1 0.5-0.05 600 MeV [2] 2.0
42pr 1208.2 <0.47 0.04-0.006 730 MeV[13] 0.05 0.14
4Oar 1460.8 1.9%0.55 3.10.15 600 MeV [2] 2.71 1.99
S8Ar 2167.8 12¢1.3 17.9-1.6 12 18.0 14.0
9.7+0.3 600 MeV [2]
SeAr 1970 <12 1.13 600 MeV[12] 0.46 2.01
1.1+0.1 600 MeV [2]
365 3291 <0.3 0.9-0.1 600 MeV [2] 0.74 0.86
343 2127.4 3.80.3 6.1+0.1 600 MeV [2] 11.6 7.51
%23 2230 <0.3 1.1+0.1 600 MeV [2] 0.55 1.80
825 1941 <05 0.46 730 MeV[13] 0.18 0.37
30gj 2335 <0.75 5.2 3.69
285 1779 <0.5 0.54 1.59
22Ne 1247.6 <0.7 0.8+0.15[14] 0.20 0.94
0.4 600 MeV [12]
2Ne 1633.8 <0.6 0.75 600 MeV[12] 0.10 1.13
1.04+0.2[14]
Yo 1982.2 <0.75 0.03 0.65

Corrected for contribution oféCl and 3# according to Ref[9] and this work.
PEnergy of lowest 3 level.

surroundings by the neutrons also produced in the targets. prompt and delayed spectra from the interaction of the pro-
The vy radiation from the decay of the short-lived residual tons with °Fe. The number of counts in the gamma peak
nuclei formed in spallation reactions was measured betweeareas was obtained by adding the channel contents within the
the macropulses by setting a time window of 15 ms after thg@eak and subtracting a smooth background. This background
end of each macropulse. Two runs, each of about 1 day duwas obtained from a linear fit to suitable background regions
ration, were performed for each target. on both sides of the peak. After the experiment the irradiated
The efficiency of the Ge detector was measuresing the Al and Fe foils were transferred to the Institutr fRadium-
same time windows as in the experimgritsabout=3% by  forschung und Kernphysik, University of Vienna and the
means of calibrated sources &f?"Eu and *°Co over the 9-radiation from all long-lived activities produced in the
energy range 0.12—-3.5 MeV. The calibration measuremergamples was measured with a high-purity Ge detector cali-
was performed at a source to detector distance of 64 cm. THerated to better than 2%.
efficiency measurement was transformed to the target-
detector distance of 30 m employed in the experiment using
the inverse square law and an appropriate correction for pho-
ton attenuation in the air of the flight path. Examples of the As the main purpose of this work is determination of the
raw data are given in Figs. 1 and 2 showing parts of thenass and charge distribution of the spallation products, the

Ill. DATA ANALYSIS
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FIG. 3. Comparison of our data for Al with the results of Web- ~ FIG. 4. Comparison of our data foiFe with the results of
ber [2] from direct observation of recoils. Open squarddg, Webber [2] observed by direct observation of recoils.
closed squaresNa, open circlesNe. Open squaresFe, closed squaresMin, open circlesCr, closed

circles=V, opentrianglesTi, closed trianglesSc, open
diamonds- Ca, closed diamonasK, open hexagonsAr.

analysis of the prompt spectra was restricted to the measure-

ment of the cross sections for transition from the first excited®Mg transitions cannot be resolved from transitions at
2% levels to the ground state in even-even nuclei as only810.8 keV(in *%Fe) and 1369.7 ke\in >Fe). As the
these can be directly converted into production cross sectiorXpected intensities of the interfering lines are comparable to
for the corresponding residual nuclei. From reactions a he total observed pealf intensities no determinatio.n of the
lower incident energies it is well known that more than 90% ‘Mg and **Mg production cross section was possible. In
of all y cascades in even-even nuclei proceed via this tranc_.)rder to convert the relatlve values |rjto absolute cross sec-
sition as the last step of the cascade. At our incident energg'/or,ls for the Fe expenment we combined our accurate acti-
of 800 MeV this fraction will be even higher because of theVation - cross - section measurement fo?lcr . (44.59
larger average spin of the residual nuclei at the beginning 0ft2'36 mb, see Table i with the production ratiouszc,/

L sic,=1.052 determined if2]. Because of the small mass
the Y caecade. In addition it has been shown. that the angul‘rjlgifference and the fact that both nuclides are in the flat peak
distributions of these 2— ground statég.s) y lines become

nearly isotropic above incident energies of some 100 Me\Pf the mass distribution this ratio is to a large extent_ free of
; .~ “systematic errors and accurate to about 3%. Combining these

[7]. Therefore it can be safely assumed that the relative INsvo values we obtain a value of 44-2.7 mb for 52Cr and

tensities ofy lines from 2 —g.s. transitions observed at one e cross sections for all other even-even nuclei were calcu-

angle (1509 can be used as relative cross sections for thgated by means of the relation

formation of the corresponding residual nuclei. In the prompt

Al spectra the density o¥ lines is sufficiently low so that

chanee coipcidences between the energies of Qhe»g.s. oA(Mb) = 44.2 Na 81_.43. )

transitions in question and other stronglines are highly Nscr g,

improbable. In the case of the promffiFe spectra a much

larger number of residual nuclei contributes with comparable .

intensity and it has to be checked carefully whether the ean is the number of counts in thes-peak from the

ergies of the considered;2-g.s. transitions coincide within 21 —9-S- transition from nuclidé, Nszc, s the number of

our energy resolution3 keV) with the energies of other counts in the 1.43 MeV peak from the 2-g.s. decay in

strongy transitions. For this purpose ajitransitions occur- r.

ring within the lowest 20 levels of all residual nuclei pro- In the calculation of the uncertainties the statistical uncer-

duced with noticeable cross sections were extracted from th@inties of Ny and Nszc,, the stated error of the reference

ENSDF file [8] and combined into one list ordered by Cross section and the uncertainty of the efficiency ratio

energy. This list was used to check all consideydihes for ~ €1.43/eg, (3%) were added quadratically. In addition, an un-

“contaminations.” In this search we identified four such certainty of 3% was added for possible differences in angular

cases. The 1408.4 keV, 2-g.s. transition in"“Fe cannot be  distribution of the transition irP?Cr and nuclideA, and 5%

resolved from the 1408.5 ke\3); —g.s. transition in>>Fe  for possible differences in the fraction of the residual nuclei

and the 889.2 keV 2—g.s. transition in*Ti is “contami-  decaying via 2 —g.s transitions ir*’Cr and nuclideA.

nated” by the 891.6 keVy line from the § —g.s. transition

in 4%. In both cases estimated correctiof@mounting to

~20%) were applied to our measured peak intensities. In Reduced by 6% in order to correct for the contribution®4¥in

addition the 1807.7 and 1368.7 ke\} 2-g.s. in Mg and  to the measured'Cr activity [2].
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FIG. 5. Independent production cross sections
for Mg, Na, and Ne isotopes in the interaction of
J 600—800 MeV protons with Al. Closed circles:
this work, open triangles: Webbg2], closed tri-
angles: Michel[1], closed diamonds: other ex-
periments, solid line: QMD calculation, dotted
line: Tsao-Silberberg systematics.
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For the 2’Al experiment we normalized our cross sectionsnuclei formed inAT; which decay during the considered
to the weighted average of tiéNe cross section measured measuring time. Finally the fractiofy is calculated:
by Webberet al. [2] 14.9+0.78 mb and Michelet al. [1]
13.8+0.88 mb. Accordingly, the cross sections were calcu-

Qi

lated by means of the relation fT:Z Q f(AT;). (4)
N, & The cross-section uncertainties were calculated by qua-

op(mb)=14.4—2 212 (2)  dratic addition of the uncertainties of all factors in E8).

Nozvee e, Uncertainties of about 3% were estimated far, /)2,

e(E,), andQ, respectively, uncertainties of 2 and 4 % were
o assigned to the target thicknessdj of Al and °®Fe and the
The uncertainties of these values were calculated as dgmcertainties of ; and expfr,) can be neglected.

scribed before. . For radioactive residual nuclei decaying into stable nuclei
The y-intensities observed in the delayed spectra Wergye had to deal with the additional complication in cases
converted into nuclide production cross sections by means Qfnere the same level of final stable nuclei is populated by

the relation both 8~ and 8", respectivelyEC, decays. In these cases
assignment of the observedintensities was either based on
2 16 v lines populated only in one of the decays allowing to split

o(mb)=10%" N(E,) (ra/r,)71.602¢10° " expiury) the jointly populatedy lines into their components or, if no

e(E,) Q(nd)fB such lines existed, on the already existing information on the
mass and charge distribution, which in most cases allowed to
neglect the contribution of one of the decays relative to the
other. The same problem occurred for decays from isomer
and ground states of residual nuclei. Due to the spin differ-
ences between these levels, however, sgmays are popu-
lated in only one of the decays and a determination of both
cross sections was possible.
After the irradiation the Al and Fe samples were trans-

ferred to the Institut fur Radiumforschung und Kernphysik in

©)

with N(E,) the number of counts in the peak,s the peak
efficiency forE,,, rq,r, the source detector distances in the
experiment(30.06 m and in the calibration rur0.641 nj,
Q the integrated charge of the experimentnrC, nd the
target thicknesgnuclei/cn?), B the branching ratio of the
observedy line in the investigated decay, expr() the cor-
rection for they attenuation of the air between target and
detector(not present in the calibration experimgraind f;
the fraction of all decays occurring during the measurement.
The factorf; depends on the half-lif@;, of the respec-
tive decay, the irradiation tim€;,, and the time dependence 10 |
of the proton intensity during the irradiation and during all
irradiations of the investigated target preceding the consid-
ered measurement. It can be calculated analytically for the
case of constant proton intensity. In our experiments this
approximation was not applicable due to a number of inter-
missions within each run and other fluctuations of the beam
current intensity. Therefore a computer code was developed

100 g T T T T LI T T T T LIE |

¢ [mb]

0.1k

to calculatef ;. In this code the whole irradiation time, that
is the time between the first irradiation of the considered
target to the end of the considered measurement, is divided

into a large number of time intervals. For each interval the FIG. 6. Independent production cross sections for O and F iso-
topes from the interaction of 600—800 MeV protons with Al. The
notation is the same as in Fig. 5.

code calculates the fractio; /Q of the total charge deliv-
ered within the intervaAT; and the fractionf(AT,) of all
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FIG. 7. Independent production cross sections
for Fe, Mn, and Cr isotopes from the interaction
of 600—800 MeV protons witt®Fe. The nota-
tion is the same as in Fig. 5.
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Vienna and the activity of long-lived residual nucléfCo,  with the older activation measuremerits3,15,17. These
5Mn, SCr, “8v, 46Sc, and?’Na) was measured with a older experiments seem to suffer from some systematic error,
calibrated high-purity Ge~ray detector. The uncertainty of such as inadequate consideration of the effects of secondary
the efficiency calibration of this detector was less than 2%particles. Concerning the cross sectiongidffor production
For every nuclide the most intensdlines were analyzed as of noble gases by mass spectroscopy, our data show some
described above and the production cross sections were dsignificant discrepancies for the production®Re from Al
rived from the measured activities. (see Table)l and Ar from 5®Fe (see Table V. In both
cases our data for the production of these nuclei agree with
the results from Webbesat al. [2].

As discussed ifl], there exist considerable discrepancies

The results of the activation measurements for both théetween the data of their work from activation, conventional
short- and long-lived residual nuclei and the decay data usednd accelerator mass spectroscopy and the resuji&§ sbm
in the determination of the cross sections are summarized iélirect observation of the recoiling residual nuclei, which
Tables | and Tables Il and compared to all previous dat&ieed further clarification. A comparison of our data with
[1,2,9-25. The tables include all reported cross section datdhose of(2] is therefore shown in Figs. 3 and 4. The figures
at E=800 MeV, the cross sections from direct observationshow the ratio between the cross sections2if and our
of the recoiling nucle{2] and a number of activation mea- present measurements; the uncertainties of the ratios are de-
surements in the energy range 590—800 MeV, as most croged from the cross section uncertainties listed in Tables
sections are approximately constgwithin about 10-20 %  I-IV.
over this energy range,2,3,4,26. Cases in which the inci- Figure 3 and Tables | and Il show that there is agreement
dent energy of the literature values is different from the enWithin experimental uncertainties between our results and
ergy of this work are specially marked in the tables. Furtherthose of[2] for the Al experiment except for the case of
more the tables give the predictions of the semiempiricaNe. There, our result is much smaller than thaf2jf For
systematics of Tsao and Silberbefg] and of the QMD the 8Fe experiment the situation is less satisfacisge Fig.
model [4]. The cross sections for formation of even-even4 and Tables Il and 1) For 4 out of 19 residual nuclei the
nuclei from the prompty spectra are shown in Tables Il and cross-section ratios deviate from unity far outside of the es-
Tables IV where they are compared to both existing meatimated uncertainty. For the three cas&¥e, “°Ti, and
surements and theoretical predictions in the same way a¥Ca our cross sections derived from the prompt-2g.s.
described for Tables | and II. intensity are about a factor of 1.7 higher than Webber's re-

As apparent from Tables | and I, there is excellent agreesult and the cross section for formation 1Cr determined
ment between our activation measurements for long-livedy activation was found to be three times larger than given in
residual nuclei ®*Mn, 5iCr, 48, 46Sc, and?®Na) with the  [2]. The discrepancies foP*Fe, “6Ti, and **Ca could, in
recent results of Micheét al. [1] and strong disagreement principle, be due toy lines coinciding in energy with the

IV. RESULTS AND DISCUSSION

1005| T T T T T T TET T T T T T T TFT1 1 T T T T T T3

FIG. 8. Independent production cross sections
for V, Ti, and Sc isotopes from the interaction of
600—800 MeV protons witfi®Fe. The notation is
the same as in Fig. 5.
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FIG. 9. Independent production cross sections
for Ca, K, and Ar isotopes from the interaction of
600—800 MeV protons witfi®Fe. The notation is

otk the same as in Fig. 5.
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respective 7 —g.s. transitions in our spectra, but the occur-For the case of the reaction considered it seems to be equiva-

rence of three such cases with rather high cross sectiodgnt to the conventional INC model. Experimental data
seems highly improbable considering our careful check foshown cover the energy range 590-800 MeV where the
such contaminating transitions. In the case*d€r, which  Cross section is expected to change by less than about 15%
was measured by activation in our experiment, we do not sel,3,28. In this way a much larger data base can be used for
how we could overestimate the cross section by a factor of 3he comparison at the expense of a relatively small additional
In addition, previous activation measurements“8@r pro- uncertainty, as both the differences between measurements
duction (see Table Il also give much higher cross sections and theory and within the different measurements are con-
than [2]. Finally it is to be noticed that also some upper Siderably larger than the effect of different incident proton
limits derived from our data for cross sections in the wingsenergies in the chosen mass range. All calculated cross sec-
of the mass distribution also disagree with the result2pf ~ tions in Figs. 5-10 are independent cross sections, the same
On the whole, however, our data show a somewhat bettdf true for the results of direct observation of rec¢$ and

agreement with the data of Webbetral. [2] than observed OUr results derived from the promptspectra. All cross sec-
by Michel et al.in the comparison of his data [&] (see Fig. tions derived from activation measurements and mass spec-

14 of [1]). trometry were therefore also converted to independent cross

The experimental situation can be summarized as followssections by suitable corrections for the production of the re-
A considerable part of the older activation measurements ha¥€ctive nuclei by radioactive decay of neighboring nuclides.
proved unreliable and should no longer be considered foPoints with one-sided error bars sitting on the abscissa indi-
comparison with theory. However, even the three most recateé upper limits for cross sections obtained in this work.
cent and most complete sets of cross section measurementsFigures 5 and 6 show that for Al the quality of the theo-
for aluminum and iron[1,2] and this work, do show some retical description by the QMD model is now approximately
disturbing discrepancies between each pair of experimen®S good as that of the semiempirical systematics, although
which need further clarification. In detail new measurement$he QMD model does not contain any parameters fitted to the
should be performed to resolve the discrepancies concernirfjisting data on nuclide production cross sections.
20N and?3Ne production from aluminum and production of  For *°Fe (Figs. 7-10 the QMD model does not quite so
S4Fe, 49Cr, “6Ti. 42Ca, and3®Ar from iron and also new Well. In this case the model seems to systematically under-
measurements on production of sulfur and silicon isotopes ifsStimate the production of nuclides with lawZ and to over-
order to check the very low cross sections for these isotopestimate the production of highexZ values and does not
indicated by our resultésee Table I\

A comparison of all existing data on spallation of alumi- 100 -
num and iron with the semiempirical systematics of Tsao and ‘
Silberberg[3] and the quantum-molecular-dynamics model
(QDM) followed by statistical decagSDM) is given in Figs.
5-10 showing the nuclide production cross sections for
O-Mg from Al and Ar-Fe from®Fe. All calculations were
performed for an incident proton energy of 800 MeV. The
calculations according to the Tsao systematics were per-
formed using a special version of the cogleaLL [9] incor-
porating the most recent features of the Tsao systematics and [
were supplied to us by Mich¢27]. The QMD+SDM model 00T e e 3 38 39 31 32 33 34 35 36 37
[4,5] has evolved from the intranuclear cascade mO#&T). mass number
It differs from the conventional INGas, e.g., used in the
code HETC) mainly by introducing a self-consistent mean-  F|G. 10. Independent production cross sections for Cl and S
field effect which results in the formation of complex par- isotopes from the interaction of 600—800 MeV protons witRe.
ticles already in the first cascade stage of the readtich). The notation is the same as in Fig. 5.
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