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We measure 114 nuclide-production cross sections for an isotopically enf¥Réxdtarget bombarded with
1.0 GeV protons. The cross sections are determined using dirspectrometry with a high-resolution Ge
detector. The cross sections are compared to another experiment which sgectrometry with a natural Pb
target; our results average 7.5% less for nuclides measured in common. They are also compared to a kinemati-
cally inverse reaction of 1 GeV/nucledffPb interacting with a hydrogen target; we find our results average
15% higher than those fdia different set of common nuclides. We find there is a systematic discrepancy
between the cross sections found from the two very different experimental techniques. We also compare our
measurements to eight different models. We find most are fairly reliable in predicting cross sections for
nuclides not too far away in mass from Pb, but differ greatly in their reliability for nuclides in the deep-
spallation and fission mass regions. In the spallation regior 155), thecem2k code, which includes an
intranuclear cascade, followed by a preequilibrium stage, leading finally to equilibrium decay, gives the best
representation of our data. In the center of the fission/fragmentation mass regionjadheode is the most
accuratelnucL includes the same basic ingredients of cascade, preequilibrium, and evaporation, but differs
considerably in details. It also contains a comprehensive fission model, which is lackiggiar. No simu-
lation code tested is reliable for the entire mass range of nuclides measured.

DOI: 10.1103/PhysRevC.65.064610 PACS nunier25.40.Sc, 24.16-i, 29.30.Kv, 29.85+c¢

I. INTRODUCTION Until very recently, most of these studies have been made
using y spectrometry on proton-irradiated natural or
Major advances in Pb-Bi reactor technology, as mani-monoisotopic thin Pb and Bi samplegor example, p

fested in the Russian-made Alpha-class submarines, ha\qaggfipb)_ In this method, one observes thespectra of nu-

made Pb-Bi technology attractive for accelerator-driven sysgiqjes decaying either from long-lived isomeric states or

tems(ADS’S) to be used at facilities designed to transmutefrom excited states formed as a result of radioactive decay of
nuclear wastg1-3]. In these systems, neutrons would be

produced from the interaction of high-energy protons with agrecu[]s_ors. ‘_J“"fr‘g p_rior (;mowledgg of I(i;‘etki]mesff_ gnd
target of a Pb-Bi mixture. These Pb-Bi reactors, which wouldP'@nching ratios for various decay modes and the efficiency

operate in an environment of high-energy radiation, motivat®f the detector, one can deduce the cross sections for the
studies of the nucleonic characteristics of lead and bismutPreduction of many nuclides. In some cases where the nu-
including the yields of residual product nuclei under irradia-clide has a half-life in the appropriate range and is not pro-
tion by protons of energies ranging from a few MeV to 2_3duced by beta decay, one measures the independent cross
GeV. Results of such studies are extremely important whegection of either the ground state or an isomeric state. In
designing even demonstration versions of ADS facilities.more cases, a given nuclide can be formed by beta decay of
Yields of residual product nuclei define important character-other isobaric nuclei, and what is determined is the cumula-
istics of these facilities such as radioactivitiyoth current tive cross section, which is the sum of its independent cross
and residual| deterioration of corrosion resistance, formationsection and the primary cross sections for all the isobars that
of gaseous products, neutron “poisoning,” etc. That is whycan lead to the particular nuclide following all beta decays.
several scientific groups have been studying the cross se@Vith this technique it is possible to determine the indepen-
tions of residual product nuclei from Pb and Bbth natural dent and cumulative cross sections of more than a hundred
and isotope enrichedombarded with protons in the desired reaction product§4—8.

energy rang¢4—10]. An alternative technique of magnetically separating the
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reaction products after a heavy-ion beam interacts with a FIG. 2. The measureg spectrum from thé%Pb sample 27 h
liquid H target using reverse kinematics has been recentlgfter the end of the proton bombardment. The resultg-liie pro-
developed at GSI to studz®U, 23’Au, and39Pb+1H. With  cessing for a small portion of the spectrum and the identification of
this method, it is possible to determine about a thousanthe lines as®Pb(p,x) reaction products are also shown.

cross sectionf9,10]. This method leads to independent pro-
duction only, with no distinction between isomer andtime of 60 min. The total proton fluence is 5.2

ground-state production. X 10" p/cn?. In our previous work on B[7], we demon-

Comparing the results of these two techniques helps iRyrated that no reaction products escape from our irradiated
understanding the systematic errors inherent to both. Thiggmpes.

work makes use of the-spectrometry technique. We discuss  Then, beginning 10 min after the irradiation, the experi-
below our results as well as the systematic errory spec-  mental sample and monitor are measured using a Canberra
trometry. Packard Trading Corporatiogp-spectrometer facility based
Clearly, computational methods play an important role inon a coaxial GC-2518 Ge detector. This detector has an en-
the designs for ADS facilities. We perform a qualitative andergy resolution of 1.8 keV for the 1332 ke¥Co v line. In
quantitative comparison of our data with simulated resultsotal, 47 spectra have been measured for half a year.

stack is placed normally to the proton beam for an exposure

from seven codes widely used in applications. We tteseT As an example, Fig. 2 presents the measuyephectrum
(with both thelsABEL and Bertini cascade optiopscEMes,  from the irradiatec?®®Pb sample at 27 h after the bombard-
CEM2K, INUCL, CASCADE, CASCADE/INPE andYIELDX. ment. Eachy spectrum is very complicated, having several

hundredy lines of radioactive reaction products. The nuclide

identifications and cross-section determinations are carried

out after all the measureg spectra are processed as de-
Our experiments are performed with a 995 MeV protonscribed in Sec. 11 B.

beam extracted from the Institute for Theoretical and Experi- Our program of measuring the reaction-product cross sec-

mental Physic$ITEP) U-10 synchrotron. A schematic of the tions from different materials is supplemented by other stud-

extraction system and target location is shown in Fig. 1. Ates aimed at reducing the systematic errors in the experimen-

the target the extracted beam, which has passed through a @@l results[11]. These studies include

mm steel window and about 1 m of air, has the form of an (i) determining the neutron component in the extracted

ellipse with ~25xX15 mm axes. The beam intensity is2 proton beams,

X 10* proton/pulse, the pulse repetition ratd6 min %, and (i) determining the monitor-reaction cross sections,

the duration of a single pulse0.5 s. (iii) measuring the variations of thespectrometer detec-
We use experimental metal samples of 139.4 mg/cmtion efficiency as a function of the distance of the irradiated

monoisotopic 2%%Pb (97.2% 2°%Pb, 1.93% °Pb, 0.87% Sample from the detector and of theenergy, and

206pp, <0.01%2%Ph, and<0.001% of chemical impuritigs (iv) optimizing the y-spectrum processing codes.

and 139.6 mg/chAl (<0.001% of chemical impuritigs The results of these studies are used in determining the

Both samples of identical diametét0.5 mn) are prepared Cross sections for nuclide production in the measured

by cutting from foils. The Al sample is used for monitoring “°Pb(p,x) reactions. The subsections below describe basic

the proton flux via the?’Al( p,x)?Na reaction. Before the definitions and formulas for cross-section determination and

proton irradiation, the experimental samples are weighedhe results of the above studies.

(with a 1x10 * g accuracy and are then “soldered” to- _ .

gether with the monitor samples and interlayers into polyeth- A. Basic definitions

ylene envelopes. The formalism for finding the reaction-product cross sec-
In the experiment, an Al-moniterPb-sample sandwich tions in high-energy proton-irradiated thin targets is de-

Il. EXPERIMENTAL TECHNIQUES
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TABLE I. Parameters of nuclides identified in the 763 to 796 keV range ot%i®b y spectrum measured
27 h after the end of the irradiation.

Gaussian Gaussian Identified y y
number energy(keV) nuclide Half-life energy(keV) yield ()
1 765.69 %Te 20.0 h 765.789 93.8
9Nb 34.975 d 765.807 99.81
2 767.43 201pp 9.33 h 767.28 3.16
186 16.64 h 767.51 5.2

3 773.42 186 16.64 h 773.28 8.9
4 776.61 82Br 35.30 h 776.517 83.5
82"R_b 6.472 h 776.52 84.39

19apg 11.8 h 776.57 1.3

5 778.43 %TC 428 d 778.22 99.76
%Nb 23.35 h 778.224 96.45

1665Tm 7.70 h 778.814 18.9

6 779.86 9%Hg 9.9 h 779.8 6.8
7 783.38 2007 26.1 h 783.6 0.57
8 785.87 166Tm 7.70 h 785.904 9.9
9 787.13 2007 26.1 h 787.1 1.03
201pp 9.33 h 787.29 0.59

10 788.69 14%Gd 9.28 d 788.876 7.3
11 790.86 165Tm 30.06 h 790.873 0.458
204g;j 11.22 h 791.20 3.3

12 792.56 189t 10.87 h 792.67 1.35

scribed in more complete detail in R¢T]. Any of the mea- whether the peak regions are multiplets, real peaks that fail
sured reaction products generated in nucleon interactiorte satisfy the search criteria, spurious peaks, etc. This inter-
with matter are assumed to originate both in the reactiom@ctive processing allows us to improve the accuracy and re-
proper and in the decays of their chain precursors. Thus, thiéability of analysis of the measureg spectra, especially in
terminology employed in studying the mass and charge disthe case of poorly resolved spectra with poor statistics.
tributions of fission productgsee, e.g., Ref[12]) can be The complexity of they spectra and the difficulties of
used when processing and interpreting the experimental réfocessing them are demonstrated in Fig. 2, showing a
sults of our work. In this terminology, the independent andSPectrum from thé®Pb target measured 27 h after the irra-
cumulative cross sections of products underlie the formaldiation. The whole spectrum contains about 4p@nes; a
ism. The independent production of a reaction-product nuSMall range from 763 to 796 keV is shown in the inset and in
clide is the cross section for the nuclide to be made directleaig:sslissl?;h?;("’l‘irrnnﬁ)tl: dOfe::eerg(ifetrglrusg;vr\;\llghavrv: ;ISIZO\(E:\% ?ﬁ;
D e seacion, whereas e cumietve pradicion o gt oncode, o Teproduc s Specium i 1 s
processes, i.e., both directly in the reaction and over time du?an; which are |r1_terpr¢ted as a combination of 2nes

to the decz’ay;s.é)f all of its chain precursérs 8m|.tted by 16 radionuclides. Once we analyze all #fspec-

' tra in the same manner, we are able to construct the decay
curves for all the nuclei for which we are unambiguously
able to identifyy lines.

The measuredy spectra of the irradiated®®Pb samples We note that not all of the identifiegl lines are used for
are extremely complicated due to the large number of linesdetermining the nuclide cross sections, especially in cases
Despite using the Ge detector at its best resolution, the spewhere a nuclide cross section can be determined with greater
tra still include many multiplets, so thenIE-2000code[13],  accuracy by other lines. So despite the presence of tive
which is designed to process complicatedpectra, is used. for ***Hg in our example, its cross section is not determined
This code allows iterative processing of eaglspectrum to  using this line because the counting rate cannot be accurately
progressively refine the fit and allows determination ofobtained, due to its involvement in a very complicated mul-

tiplet. In Fig. 3 we show several examples of the measured
counting rates.
1Some applications also make use of the mass yield. In its simpli- We Wwill briefly outline the extraction of the nuclide-
fied form (disregarding alpha transitions and delayed-neutron emisproduction cross sections from the measuyatécay curves.
sion), the mass yield is the sum of all independent yields of theA more complete discussion is presented in Réf.
isobars of a given mass or equivalently the sum of the cumulative A nucleus which has no chain precursors, or whose pre-
yields of all the stable isobars. cursors all decay with decay constants much greater than the

B. Processing they spectra and determining cross sections
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p’.‘g TTTT MH’]HHITHW TTTT TP TT77] cases Wher@l andA2 have different SignS lead to the fa-
4 O (1) ®2Hg - Ay miliar patterns of growth and decay in the rate of the corre-
A @Rt o spondingy lines (see Fig. 3.
E 8; 173.|T.:_) H ] We wish to relate the cross section for production of each
O (5)Ta+¥'Pt A nuclide to the observed counting rate in thespectrometer

7 for lines from the deexcitation of the daughter of the decay-
ing nuclide. To account for the fact that the proton beam
1 arrives inK pulses, each of duration separated by a time

[
g spacingT, we first introduce the time functions
210 = “n
£ 1 L 1—enhKT
8 : Fim(me e

. We note that

i F

NK S

||Y||

gives the ratio of the net independent production of nudlide
observed at the end of the irradiation to the production that
would have occurred if the same total beam fluence were to

\\\Il\\l\‘l!\\ll\l!’\\II‘\\1I|\\11|\JJ}
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Cooling time [days] occur in a time scale much less than the lifetime of this
FIG. 3. Typical examples of measured counting rates and fitte(f]uc“de [7]. For the case of a nuclide with all precursors

@[]0

decay curves. Curve(l) is for the chain 9%Hg(4.85 h) decayed by the. time the measurements start, the number of
192Ay(4.94h), E (1%1)=3165keV. Curve (2) is for rays observed in given by E@l) where
18%1(10.2 d)y>'%9r(41.5 h), E(*%%0s)=2214.6 keV. Curve3) is A= N CUM F 3
for *73Ta(3.14 hy-"Hf(23.6 h), E,(YLu)=123.7 keV. Curve 0= NT%p01 &1 - )
(4) is for 1°Ta(3.14 h) decayE,(*"*Hf) = 160.4 keV. Curve5) is
for the [1"3Ta(3.14 h)+ 1°1Pt(2.802 d) decays, both of which have
E,(daughtery=172.2 keV. Curvesl) and(2) are scaled to separate . ) e 5 )
the curves; curvél) is drawn with the time multiplied by 4 and the t'f)n of the_ decayln_g_ nuclei emitting a particularline (y
counting rate multiplied by 0.1, while curv@) is drawn with the ~ Yield), &1 is the efficiency of the spectrometer for the rel-
time multiplied by 0.1 and the counting rate multiplied by 100. ~ €vant geometrical configuration andenergy, andb,, is the
proton flux during the duratiom of each pulse of the beam.
inverse of the time for the start of the measurement, WiIIWe measure the flux via momtor reactiosee Sec. Il ) we
eknow the number of atoms in the target, we measure the
efficiency e, as outlined below in Sec. Il E, and we take
and \; from the tabulationd14,15. We thus deduce the
cumulative cross sectiom$"™ by inverting Eq.(3), with A,
determined by fittingy(t) to the observed counting rate for
— e Mbtrue the appropriatey line.
9O=Ar— 7 e M, ) In a similar manner, for the case where a decaying nuclide
Lrue (2) starts with an initial independent population and is simul-
) . ) ) taneously fed by the decay of its chain precurdgrassumed
where\, is the decay constant of this nuclidgy, is the {5 have all of its precursors decayed by the time the mea-

real time over which the spectrum is measured, gigdthe  gyrements begjnthe counting rate will have the form of Eq.
time between the end of the irradiation and the beginning ofp) ith the coefficients; andA, given by

the spectrum measurement.

Nt is the number of target atoms;;"™ is the cumulative

cross section for the production of nuclide, is the frac-

exhibit a pure exponential decay during the period of th
y-ray measurements. Allowing for the finite duration of the
spectrum measurements, the counting (detay curvgfor
such a case may be expressed as

Similarly, a decaying nuclide starting with an initial inde- A;=N7®78,F 107" "N /(A= N\y), (4)
pendent population and being simultaneously fed by the de- _
cay of its chain precursdthe precursor is assumed to have Ag=N1®,7p8,F [ 05— 5" "N [(No— 1)1, ()
all its precursors decayed by the time the measurements be-
gin) exhibits the time dependence where v, is the branching ratio for the decay of nuclide 1

into nuclide 2(v is also taken from the tabulatioh$4,15).
1— e Mtirue 1— e Mtire If_ we are able to determine both, and A, with good pre-
e M4A, e Mt (2 cision, we can determine$'", ¢3¢, and o' (= o
Nalirue +v,07"™ from a singley line emitted by deexcitation of
the daughter of nuclide 2.
In this equation)\, is the decay constant of the precursor, In curve (1) of Fig. 3 we show an example of such a
and \, is the decay constant of the daughter. The frequensituation. The curve corresponds to thEHg (Typ

Alttrue
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=4.85 h)—192Au (T,,,=4.94 h) decay chain, with the 316.5  The second of these unfavorable situations can prevent
keV v line emitted from the 2—07(g.s.) transition of the the factorA, from being found. For these cases we fitigl
decay product®®Pt being measured. Despite the very similarand then define the supracumulative cross section

half-lives, the absence of any othedine from another nu-

clide whose energy is the same as that of the measured line geunt _ Az
within the spectrometer resolution allows the determination 2 728F NP
of the cumulative’®Hg cross section, as well as the inde- o _
pendent and cumulativi?Au cross sections from this decay From Egs.(4) and(5) and the definition otr3"™, we find

curve.

)

Frequently, unfavorable situations arise in the measure- ag“m*za;“% As! proUM= UMy A2 pyom
ments, when the whole decay curve cannot be measured ac- A=A Ni—N2
curately. These unfavorable situations arise (8)
(i) because the high level of activity of the target in the cum®

early period after irradiation necessitates placing the target 4/¢ note that the distinction betweerj"™ and o3"™ is not
far from the detector that a particular line may not be detectmade in many relevant publications despite the fact that
able due to low efficiency; ag“m* is always greater thams"™ (since\;>\ ).

(ii) because most of the independent production of the |n the cases where eithafiznd<g'iumyl or when \,
shorter lived ofN; or N, has decayed before the measure-
ments start;

(i) due to the interference of aline of almost the same
energy and having a half-life close to the shorter livedNgf
andN,. Aa_gum*zo_gum*_o_gum:

We address the following three types of radioactive
chains, which are affected differently by the unfavorable : : .
situations: By CuE])qroceedmg . from the |ne_qu_al|t|e3cr2

(1) \<\, [Fig. 3, curve (2), 88Pt(T,,=10.2 d) =07 vy, We estimate the upper limit:
—188r(T,,=41.5h)|. If the measurements were to have N
started a few days after the irradiation stopped, instead of Aggum*s—zggum*_ (10)
when they actually did, then even without observing the knee A=Az

we can safely conclude that we would observe production of From this formula we see that the measured value of the
188t pecause the 2214.6 key line of 80s is measured

. . *x
with the 188t half-life. In this hypothetical case, formuld) ~ SuPracumulative cross sectioj"™ could prove to be very
cum

would be used to calculate the"™ value, whereas any in- different from the true value5"™. In the case of "“Re, for
8 1
formation on8&r would be lost. i example, our data give AcS"™ value of ~55% of oSU™ .

() N>\, [Fig. 3, curve (3), Ta (Ty,=3.14 h) We must allow for this when comparing between experimen-

—13f (T1,=23.6 h)]. A similar late start(4—5 h to the tal and simulated data, by finding®™™ for the simulation
measurement would determine only the facfy, which  from Eq.(8).

would not allow us to determine any cross secti¢fsr this

particular example, we have extra information; if the mea- C. Neutron component in the proton beam
surement is not delayed excessively, we can Agdy ana-
lyzing curves(4) and/or(5), and utilizing Egs.(3) and (4),
we determine

<\, 05" =¢SU™, If neither of these conditions hold, we

may estimate the difference,

Ao
Ni—As

vio{'™. (9)

*
um cum
20’2

The proton beam extracted from the accelerator includes
not only the primary protons, but also secondary particles
(neutrons, protonsgy mesons, and’s) produced by the pri-

A mary proton interactions with the exit window, structural ma-
72€2 2 . . s
A1=Aq 2 . (6) terials in the transport channels, and shielding.

MmEL ATy Identical reaction products can be produced in interac-

This would allow the determination of all three cross sec—ti(-)nS of variou_s secondaries with_the experimental sample.
) cum  ind cum Since the particular nuclear reactions that generate a given
UONS 073y iz a”d%v%-] nuclide cannot be identified in our measurements, the ex-
(3) Ai~\, [Fig. 3, curve (1), ¥Hg (T,,=4.85h) tracted proton beam has to be characterized thoroughly.
—192Au (T,,=4.94 h)]. If this measurement were started As in our previous studies, track detectors are used to
late (for instance, about a day after the irradiation stopped discriminate between the neutron and proton components in
then the®Hg contribution would become uncertain, result- the beam[7]. We use solid-state nuclear track detectors
ing in an erroneous estimation of tH&°Au cross section. (SSNTD'’s of an improved geometry with a collimating grid
This situation is quite possibly responsible for the differenceand a glass fragment track detection material to record the
in the measured®?Au production by more than factor of 3 fission fragments from a fissile layer, thereby improving the
between the data of the present wdgee Table Ill below  absolute detector efficiency.
and the results of Ref4] (46.9+6.6 mb and 166 50 mb, A SSNTD with a 61.5ug/cn? 2°Bi layer is used to mea-
respectively. sure the proton flux density®Bi was selected because the
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average cross section for its fission induced by secondary T T

neutrons is small compared with that for primary protons I SSNTD measurements
(02095(n, 1) < T2095i(p, 1)) FOr any reactiorx, we define the ! 3 % o 02GeV |
i - i Eoaly 0 08GeV ]
weighted mean neutron-induced cross section as _ h % - A 26GeV ]
® I B )
EZIUX(E)%(E)dE (11 ;310‘1 - %%% E
* JO,(E)E s % + ]

where @ ,(E) is the neutron energy spectrum at the target I R
which we simulate using theaHET code[16]. In a similar : f

_L
(=]
n
T
—g
HE
0
g
H L
I
Pl
=
|

way, the neutron flux is measured using a SSNTD with a 880 [
uglen? 2'Np layer. R Tl

T

——
We use the following setup. The extracted proton beam 1 27 Al(n,p)?" Mg measurements
irradiates a 2%Bi-containing “sandwich” (Bi layer ’ 1| ’ ]
+ collimator+glass, while similar sandwiches witi#*'Np iy Q 928V 3

layers are placed along a line normal to the beam axis at _ RS
distances of 20—435 mm from the axis. N . |
In the experiments, the neutron-to-proton flux ratio, 9‘110 FOAN
®,/®,, is measured using the expression & %
209 ) -2 \: -------
o, Ty o'p?BI N209B,§2 107+ %‘ .'"% ------- E
—:—._ZT’7N.—.—’ (12) E \~ 1
o, T, TP N237Np§1 i % ]
| I | B PRI | L I
0 100 200 300 400
where T, and T, are the numbers of measured tracks Distance to beam axis [mm]
- . . 23
of 25’Np and2°%Bi fission products, respectivelyy” "Pand

2095 37 2090: ) FIG. 4. The neutron-to-proton mean flux density ratios versus
N *are the numbers of thé*Np ~and *Bi nuclei,  gistance from the proton beam axis calculated using the SSNTD
respectively; &, and &, are, respectively, corrections t0 measurementéupper ploj and the?’Al(n,p)>’Mg measurements
the 22’Np and 2°Bi layers, which allow for the anisotropy (lower ploj.

of fission-fragment ejection and for the variations of the

solid angle of fission-fragment ejection through the collima- 0_24Na
. 209g; . . . X

tor grid, ando, ?B' is the cross section for proton-induced pTM
209 fiocion 2P ; 37) Py Tnp’

*Bi fission. o, ;" is the weighted mead*Np neutron- D" e e (13
induced fission cross section as defined in @d). The fis- p N On,a

i : ZNp —23T\p g —2Tvg
sion cross sections,, ; "(E) needed to calculate, ;" are N™ &

retrieved from thewIND data library[17]; while the cross o _ _ "
sections for proton-induced®Bi fission, O_:OSBi(E), are with similar equations holding foiztb@Na_%ndﬁ?E produc-
taken from Ref[18]. ' tion (with n,a replaced bynx. o, 19, o, 3, o c, and
The measurements are made with 200, 800, and 2603,2:33 are the neutron-spectrum-weighted cross sections of
MeV proton beams. The upper part of Fig. 4 shqws the're:[he above reactions calculated by form(14). 0_221)\(la’ 0_241>\<la’
sultant®,/®, ratios as functions of the perpendicular dis- TBe 27 24 97 VA
tance to the proton beam. The,/®, ratios right in the and op, are the “Al(p.x)™Na, “Al(p,x)**Na, and
proton beam are estimated by extrapolating the peripherd’Al( p,x)’Be_reaction cross sections, and W, NN
results to the center and are ab¢di2—2%. N°™3, and NB® are the net numbers of the corresponding
We supplement these measurements by employing direeiuclei produced in the Al samples with allowance for their
y spectrometry. We plac€Al samples both in the beam and decays during irradiation. The distance-dependépi @,
at distances of 40—430 mm from the beam axis along a lingatios found by combining the results from the three products
perpendicular to the axis, subsequently measuringytteys  are shown in the lower part of Fig. 4. Thespectrometry
following decay of the products of the following reactions: technique is used to characterize the in-beam neutron flux for
2’Al(n,p)*'Mg (a~2.5 MeV thresholgl ’Al(n,a)**Na (@  proton beams of 0.07, 0.1, 0.13, 0.2, 0.8, 1.0, 1.6, and 2.6
~5.5 MeV thresholdy- 2’Al( p,x)*Na (a~25 MeV thresh-  GeV. These results are shown in Fig. 5.
old), *'Al(;,x)*Na, and*Al(;,x) Be. As seen from Figs. 4 and 5, the neutron component esti-
The neutron-induced cross sections are taken from thenates obtained by the both techniqUSNTD andy spec-
MENDL2 library [19], while the proton-induced cross sections trometry) are similar and small. Thé%Pb(p,x) reaction

are determined as discussed below in Sec. 11 D. products measured at 1 GeV proton enefgge Table Il
The neutron-to-proton flux density ratio in the beam isbelow) include none of the nuclides producible in tirexn
then estimated from th&Na production as reactions foix<<5, for these nuclides are either stable or long
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FIG. 5. The neutron-to-proton mean flux density ratios in the FIG. 6. The?’Al( p,x)%/Na-monitor cross sections measured in

proton beam versus proton energy as calculated from th?his work and from previous works: MI85—R€fR21], MI86—Ref.

y-spectrometry data. [22], MIB9—Ref. [23], MI9O—Ref. [24], MI93—Ref. [25], MI95—
Ref. [8], MI96—Ref.[26], and MI97—Ref[27].

lived. Our estimates show that, in the case of Pb isotopes of

masses less than or equald¥Pb, additional production of

daughter nuclei byn,xn reactions is below the level of our

experimental errors.

We measurey lines from the deexcitation ??Ne, which
is produced in the decay éfNa (T,,=2.602y), and deter-
mine the decay curve of the form of E@.). Since we take

o Na from Ref. [20], we can invert Eq(3) to determine

D. Monitor reactions N22Na)\22Na

In contrast to our previous work where we uséNa|7], ‘Dpzm, (14
we currently use the’Al( p,x)?’Na-monitor reaction. Cur- N "o T
rent practice suggests that three monitor reactions should
used on?’Al, namely, 2’Al( p,x)%*Na for short-term irradia-
tions, with 2’Al( p,x)?’Na and?’Al( p,x)'Be for long-term

irradiations.

k?/‘\?hich provides the absolute normalization of all the rest of
our cross sections.

We make additional measurements to study#ida and
’Be production cross section relative ¥#Na. Since?*Na,
Be, and?’Na are produced in one and the same irradiated

TABLE Il. The monitor-reaction cross sections in millibarn av- sample, their cross-section ratigs a general form allowing
eraged over the experiments. The second column shows th@r the neutron componenare
27Al( p,x)?>Na cross sections taken from RE20]. In the third and
fourth columns, the first number in parentheses is the uncertainty o2 NaBe Ag“Na,ﬂBe (ne

22,
) Na
assuming no error in th#Na cross section, while the second num- =

F22Na

22, 2. 2 7, 2 7
ber includes that uncertainty. o Na AozNa (me) "Na/'Be F "Nage
—22 2
Proton energy 1+ (Un,l;la‘bn /(sz,';aq) p)

(15

27 22 27 2 27 7
(GeV) Al(p,x)*Na #Al(p,x)*Na  *'Al(p,x)'Be ><1+ (Eff’iakecbn /oﬁ'iahecbp)'
0.067 24414 11.3-(0.5/0.8) 0.76(0.20/0.21)
0.097 19.+1.3  11.0:(0.3/0.8) 0.9%(0.07/0.10) Since the®, /P, ratio does not exceed2% at any proton
0.127 17.6:1.3  10.1+(0.3/0.8) 1.14(0.06/0.11) beam energysee Fig. 5, the formula simplifies to
0.147 16.+1.2  9.8-(0.4/0.8) 1.44(0.11/0.16) dnaTge  aZNalBe 2203 204
0.197 15.1%0.9 9.8+(0.4/0.7) 1.48 (0.04/0.10) o Ao (me) F (16)
0.8 15.5-0.9  12.7-(0.3/0.8) 6.4-(0.3/0.4) ooNa AffNa (pe) Na'Be p*NaBe’
1.0 15.0:0.9  13.0-(0.8/1.1) 7.5-(0.3/0.5)
1.2 14.6-1.0 12.9-(0.3/0.9) 8.3-(0.2/0.6) The necessity for high-precision monitoring has led us to
1.4 13.9-1.0 12.8-(0.4/1.0) 9.0-(0.3/0.7) extend our measurements to the entire energy range used in
15 13.5-1.0 12.4-(0.3/1.0) 8.8(0.3/0.7) our previous, current, and anticipated future experiments, al-
1.6 13.2:1.0  11.6-(0.3/0.9) 8.9-(0.2/0.7) though only a single energfl GeV) is used in the present
26 11.70.9  10.65(0.3/0.9) 9.2£(0.2/0.7) work. Our measurements are shown in Table Il for both re-

actions while Fig. 6 displays only th&Na results. Our
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_ From Table Il we see that the experimental errors range
] from 7% to 30%. These tabulated errors are calculated as

TTT LI R B

> _ follows. For each cross section deduced from a particylar
2| & : line, the uncertaintyA o; includes the uncertainties in the fit
10 E to the decay curve, the tabulated value of thgeld #;, and
% - ] the detector efficiency;. Since most of the results are ob-
5 - Hed0mm tained by averaging over a set chri(tAoi) values calcu-
£ - ~60mm | lated from more than ong line, the mean is found as
o 3
@ 10 H=80mm-
% E H=105nr::§ — EiUiWi
g I ~150m ZiW;
| H=200mm
3 q —250mn where

10 |

: H=375mr} W, =1/Ac?, (17)
o Liuiel , H=550mm : ; —
" 10 o while the expgrlmental errotso are calculated as the larger
E, (keV] of the two estimatef29],
. . L — W, (- 07)*
FIG. 7. The measured and fitted detection efficiencies of the Ao’ = DS W (18
Canberra GC2518 Ge-detector-bagedpectrometer as a function (n—1)ZW,
of y energy for different distances of thesource from the detector. 1
Ad"=\/—. 1
a'=\/ SRV (19

2TAl(p,x)'Be measured cross sections are consistent with
previous measurements by other groussee, e.g., Refs. Finally, to include the uncertainty in the monitor cross sec-

[8,23,26, and references thergin tion, omen, the total error in the measured cross sections as
tabulated is
E. y-spectrometer efficiency B B Ao 2 Ao 5
The vy spectra are measured using a range of source- Aogp=0 = + pn . (20
mon

detector distanceld so that early counting may begin with-
out overwhelmingly large counting rates, and later measureour analysis shows that the main contribution to the total
ments do not suffer from too low rates. We calibrate theerror is from uncertainties in the nuclear déthe absolute
y-spectrometer efficiency in the 6% ,<2600 keV range gamma vyields and cross sections of the monitor reagtions
for nine distances covering440—5557>0 mrgg) using%\;hel% 9étandard
set of y-radiation source$>*Mn, */Co, °*Co, , d,
113Sn, l338a, 137Cs, 139Ce, 152EU, 228Th, 241Am, andzzNa)_ IV. COMPARISON WITH OTHER DATA
We approximate the energy dependence of the detector In addition to the nuclide-production cross sections mea-
efficiency using a cubic-spline fit to the measured efficien-sured in this work, Table Il also presents data from other
cies. The details are described in REZ8]. The measured Wworks, namely, the results obtained by the “inverse-
efficiency together with the fitted curves are shown in Fig. 7 kinematics” techniqué®*®b bombardingH at GSI[9]) and
The systematic errors due to uncertainties in the detectiothe results of measuring the nuclide production in 1 GeV

efficiency do not exceed 5%. proton-irradiated"®'Pb obtained by a technique that is simi-
lar to ours by the group with R. Michel at Hannover Univer-
Ill. MEASURED 2%8Pb(p,x) CROSS SECTIONS sity, Zentrum fu Strahlenschutz und Radikologie (ZSR)
[5].

Table Il presents our results for the reaction-product |t should be noted that the GSI data are measured only as
cross sections in 1 GeV proton-irradiatéPb. Out of 114  independent cross sections, so we sum their measured iso-
cross sections shown, eight are independent cross sectionsisdric chains to compare with the respective cumulative cross
ground statesi), 15 are independent cross sections of metasections determined at ITEP and ZSR. We estimate errors for
stable statefi (2 m;)], 15 are independent cross sections ofthe GSI cumulative cross sections as square roots of sums of
metastable and ground stafé¢>m;+g)], 65 are cumula- squared errors of all independent cross sections contributing
tive cross sectionf), and 11 are supracumulative cross sec-to the corresponding cumulative cross sections and also take
tions, for which the correction may exceed the determinatiorinto account their systematic errors which vary from 9 to
error (*). It should be noted that in order to reconstruct the25 %[9]. The GSI technique does not distinguish if a product
(c) values from ¢*) using formula(9), we must have the nuclide is in a ground or metastable state so we do not com-
a;"Mvalues that have yet to be determined, but may be megsare our data with the GSI set for the cases where we mea-
sured in the future. As mentioned above, the simulatiorsure only metastable or ground state®*"Pb, °Mpp,
codes can still be tested using the | values. 198l 196mT) - 19Mpjg 19SMpyg  199Mpyg  198mpy  198Ay,

064610-8
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TABLE IlI. Experimental product nuclide cross sections in millibarn of 1 GeV proton-irradi#f®b compared with both recent GSI
data measured in inverse kinemati{gef.[9]) and the ZSR measurements BtPb (Ref. [5]).

Product T4, (Refs.[14,15) Type Cross sectiofthis work) Ref. [9] Ref.[5]
206gj 6.243d [ 4.60+0.29 5.36-0.67
205 15.31d [ 6.20+0.40 7.09-0.90
204 11.22 h i(ml+m2+g) 5.29+0.80 6.03-0.95
203 11.76 h i(m+g) 4.84+0.59
204mpp 67.2m i(m) 11.0+1.0
203pp 51.873 h c 31.5+2.1 28.7:3.1
201pp 9.33 c* 26.9+2.4 20.4+1.9
200pp 21.5h c 18.2+1.2 18.2:2.0 27.8:3.5
198pp, 24h c 8.9+2.1 14.0-1.3
197mpp, 43 m c* 17.9+4.0
2027) 12.23d c 18.8+1.2 40.0:4.0 22.0:2.7
2017) 72.912 h c 43.7+2.9 37.3:3.7 53.5-6.6
2007 26.1h c 40.6+2.6 35.2-3.7
2007] 26.1 h i(m+g) 22.7+15 17.0-1.7 22.3-6.1
1997 7.42 h c 38.5+5.2 34.3-3.4
198miT 1.87 h i(ml+m2) 17.6-3.6

1987 5.3h c 35.9+5.0

196mT| 1.41h i(m) 34.8-4.4

203g 46.612d c 4.03+0.27 3.66-0.45
19MmHg 23.8 h i(m) 10.7+0.7
195 41.6 h i(m) 13.6:2.0 13.3-1.8
19aMHg 11.8 h i(m) 18.9+2.5 10.8:2.3
192Hg 4.85h c 35.2+2.8 31.3r34
198mpy 2.27d i(m) 1.01+0.14 1.25-1.11
198y 2.69517 d i(m+g) 2.11+0.22 1.96-0.23

198y 2.69517 d [ 1.09+0.30

198y 6.183 d i(ml+m2+g) 4.13+0.35 4.02-0.47 3.88-0.47
195y 186.098 d c 48.7+5.5 28.4+3.3 51.1+6.6
1948y 38.02 h i(ml+m2+g) 7.06+0.75 6.33-0.75 6.85-0.92
92ay 4.94 h c 46.9+6.6 39.9-4.6

92ay 4.94 h i(ml+m2+g) 11.6+1.7 9.2+1.1

11pt 2.802d c 41.8-4.2 44.4:55 39.9-4.8
189t 10.87 h c 46.8+4.8 40.4-5.0

188p¢ 10.2d c 40.5+2.9 38.4-4.7 42.8-5.4
186py¢ 2.08 h c* 33.5+2.3 32.9:4.1

190 11.78 d i(ml+g) 0.69+0.06

188y 415 h c 43.2+3.2 40.9:5.4

188y 415 h [ 2.93+0.69 2.48-0.33

18y 16.64 h [ 20.8+1.9 22.5-3.1
189 14.4 h c* 34.8+2.3 39.4-5.2 39.4-7.9
184 3.09 h c* 39.5+3.0 36.9-4.8

18%0s 93.6d c 41.8+2.8 38.1-5.3 43.0-5.3
18angg 9.9h c 23.2+15

820s 22.10 h c 42.0+2.8 34.2:4.8

18Re 70.0 d c 41.7+2.9 36.3+5.3 38.2+4.8
182mRe 12.7 h c 45.2+3.7

181Re 199 h c 43.1+5.9 37.0:5.4 45.9-5.9
Re 19.5m c* 48.2+4.2 44.7:6.6

Ty 135 m c 30.1+3.5 23.4-3.6

178y 25h c 28.0+3.9 29.0-4.5

176Tq 8.09 h c 35.0+3.6 28.8-4.7

1737 3.14 h c 30.9+3.9 26.3-4.3

064610-9



YU. E. TITARENKO et al. PHYSICAL REVIEW C 65 064610

TABLE Ill. (Continued.

Product Ty (Refs.[14,15) Type Cross sectiofthis work) Ref.[9] Ref. [5]
17213 36.8m c* 17.3:2.3 27.4-4.5

178t 70d c 31.3+2.3 28.3-4.8 34.1-4.1
1734 23.6 h c 28.4+2.6 25.2-4.3 39.0-4.9
1724t 1.87y c 24.1+1.6 24.6-4.2 24.4-3.1
LTl 12.1h c 18.2+2.8 22.9-3.9

1704 16.01 h c 22.1+6.8 20.3:3.5 21.2:3.0
3 u 6.70 d c 23.9+1.7 24. 4.4

Y3 u 6.70 d i(ml+m2+g) 0.19+0.05 0.183-0.037

7y 8.24 d c 26.1+1.8 16.6-3.0 31.3:3.9
9y 2.012d c 21.7£2.9 20.9-3.7

169 y 34.06 h c 18.6+1.2 12.12.2 26.4-3.7
16%p 32.026d c 20.9+1.5 18.1-3.4 24.3-3.0
166y 59.7 h c 16.1+1.1 13.7:2.6 16.4-2.3
" Tm 9.25d c 19.4+4.0 14.0:2.7 21.2:2.6
85T m 30.06 h c 14.4+1.4 13.3:2.6

160gy 28.58 h c 8.8+0.6 7215

Dy 8.14 h c 5.73+0.45 5.0-1.1

15y 9.9 h c* 3.66+0.27 2.86-0.63

155Th 5.32d c 4.16+0.39 2.72-0.62 5.52-0.70
1531 2.34d c* 2.52+0.25 2.40-0.54 2.51+0.40
1521 17.5h c* 2.10£0.17

155Gd 240.4d c 2.65+0.24 2.18-0.51 3.16:0.38
14%Gd 9.28 d c 2.24+0.18 3.06:0.38
148Gd 48.27 d c 1.26=0.09 1.23:0.29 1.68:-0.21
YEy 24.1d c 0.98+0.30 1.18-0.29 1.97:0.29
ey 4.61d c 1.62+0.12 1.170.28

ey 461d i 0.37+£0.05 0.1810.047

4pm 265d c 1.02+0.13 0.85-0.22 1.00:0.13
13%Ce 137.640 d c 0.83+0.06 0.822-0.103
12InTg 154 d i(m) 0.44+0.04 0.530-0.069
121Te 19.16 d c 1.07+0.11 0.794-0.102
11Te 470d i(m) 0.40+0.04

12tngp 5.76 d i(m) 0.54+0.05 0.53%+0.071
114myn 4951d i(ml+m2) 0.95+0.19 1.07-0.16
Homag 249.76 d i(m) 1.11+0.09 1.32-0.17
106mpa 8.28 d i(m) 0.89+0.08 0.92-0.14
1057g 41.29 d c 0.65+0.12 0.74-0.17 1.04-0.14
10Rh 35.36 h c 4.63+0.54 3.13-0.51

10Imph 434d c 1.29+0.16

Ry 39.26 d c 3.84+0.26 3.03:0.50 4.110.53
%Tc 4.28d i(m+g) 1.20+0.09 1.49-0.19
%Tc 20.0 h c 1.38+0.13

%Nb 23.35h i 2.31+0.19 2.13-0.34

%Nb 34.975 d c 5.41+0.34

9Nb 34.975d i(m+g) 3.03£0.20 3.58-0.56
957y 64.02 d c 2.34+0.15 1.58-0.28 2.32:0.29
897r 78.41 h c 2.30+0.16 2.82-0.35
887y 83.4d c 0.76+0.08 0.97-0.15 1.19-0.15
somy 3.19 h i(m) 4.82+0.39

88y 106.65 d c 4.03+0.27 3.72:0.58

88y 106.65 d i(m+g) 3.41+0.25 2.76-0.44 3.74-0.46
8y 79.8 h c* 2.94+0.23 3.36:0.42
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Product Ty (Refs.[14,15) Type Cross sectiofthis work) Ref.[9] Ref.[5]
855r 64.84 d c 2.76+0.22 3.42-0.41
86RDb 18.631 d i(m+g) 5.48+0.66 2.43-0.38 4.3%-0.61
83Rb 86.2 d c 3.46+0.28 2.82-0.45 3.96-0.49
82'Rp 6.472 h i(m) 2.73+0.30
82Br 35.30 h i(m+g) 2.17+0.14 1.55-0.24 2.62:0.50
sse 119.779 d c 1.33+0.09 1.18-0.19 1.61-0.20
"As 17.77d i 1.86+0.18 1.66-0.27 2.24-0.28
=) 44.472d c 0.91+0.08 0.69-0.11 1.05-0.14
857n 244.26 d c 0.79+0.19 0.42-0.07 0.661-0.168
463¢ 83.79 d i(m+g) 0.35+0.06 0.37@:0.047

lSE@Ir, 183“03, 182“Re, 121mTe, 119“Te, lZOﬂsb, 114m|n,
Hompg, 108mpg  10ImRR - 90My - and 82"Rb), as well as

out of the given decay chaift®®TI, %9, 152Th, 149Gd,
121Te, %T¢, %5Tc, 9Nb(c), *Nb(i), &%Zr, &Y, and &sp.

also measured in Rdf5] is 92.6%, with an rms deviation of

Considering this, the present work is also aimed at testing
the simulation codes used most extensively for this purpose
when there is a transition of a metastable state to a produdd order to estimate their predictive abilities and to stimulate
efforts to improve them. The following seven simulation
codes(eight separate modelare examined:

Figure 8 presents histograms of ratios of our data to the (i) the cEM95 cascade-exciton model cofig0],
data obtained at ZSR and GSI. We find that the average of (ii) the latest version of the cascade-exciton mdad]
the ratios of our cross sections to those nuclides which wergodecemzk [32],

18%. We are unable to disentangle effects due to the differcode[33],

ent isotopic content of the targets in the two experiments (jy) the INnucL cascade-preequilibrium-evaporation-fission
from inherent systematic uncertainties related to the fact thatoge[34]

not all the same nuclides were measured in each experiment. (v) the LAHET (both ISABEL and Bertini optionscascade-
reequilibrium-evaporation-fission-transport cgdé|,

The comparison to the results from Rg®] which uses
the same isotope as “target” shows our results average 15%
higher than the GSI measurements. The rms deviation is (vii)
about 24%. This comparison is at least qualitatively consis-
tent with our quoted errors, which are of the same order a
those from the GSI group. There appears to be a systemati
normalization difference, which persists if one considers
only the independent cross sections from Table IIl, where our

(i) the cAsCADE cascade-evaporation-fission-transport

(vi) the YiIELDX semiphenomenological codid5], and
the CASCADE/INPE
greequiIibrium—fission-transport codae].
All these codes, except f@ASCADEINPE andCEM2K, are
escribed in some detail in Ref7].
The intranuclear part of theAsCADE/INPE code package

cascade-evaporation-

results are an average of 32% higher than the GSI measure3t): 1S based on the Dubna cascade mddsll, which is
ments. At this time it is not possible to say whether oneuSed to simulate the characteristics of projectile interactions
technigue should have lower systematic uncertainty than th@ith target nuclei. Recently the code was upgraded at the
other, but the apparent difference in normalization needs téstitute of Nuclear Power Engineeringdbninsk, Russia

be addressed. We plan to extend our comparisons to the GE36]. Principal modifications of the code are as follows:
(i) a special routine was written for calculating the pre-

compound spectra ok particles, which have been demon-

data to include measurements '8fAu (0.8 Ge\j and 233U
(1 GeV).

V. SIMULATION OF EXPERIMENTAL DATA

The present work is aimed at determining the nucleal _g_; 20
cross sections to be used in designing ADS facilities. An ®
attempt to obtain the necessary nuclear cross sections on's 19F
from experiments would involve impractical levels of ex- g ;4
pense and effort. Therefore, simulation techniques must b'g
used for that purpose. The simulation approach has the ai2 5
vantage that it also can be used for many other purposes. C ;
the other hand, the current accuracy and reliability of simu- 95755
lated data are inferior to experimefior those cases which
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have been measuredn addition, existing simulation codes
have different predictive abilities when used to study the FIG. 8. Histograms of the ratios of ofTEP) data to those
reactions that are of practical importance.

obtained at ZSR and GSI.
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FIG. 9. Detailed comparison between experimental and simulated cross sections of radioactive reaction products. The cumulative cross
sections are labeled with ac® when the respective independent cross sections are also shown. In the upper quarter of the figure, absence
of a symbol indicates that the calculated cross section is zero to the statistical accuracy of the simulation. The dashed lines are to guide the
eye, and are suppressed for “zero” cross sections.

strated to play an important role in the production of long-sideration nucleon pairing to evaluate the excitation energy
lived radioactivity in different heavy targets; of residual nuclei;
(i) the code was modified to allow for the description of  (iv) the latest version of the mass table of the nuclides
angular distributions of preequilibrium nucleons for projec-[38] has been used for binding-energy calculations.
tile energies below 0.8 GeV;, The improved cascade-exciton mod€EM) of nuclear
(iif) a realization of the Weisskopf evaporation approachreactions[31] was developed and incorporated in the code
used in Ref.[37] has been introduced. This is based oncem97 at the Theoretical Division of Los Alamos National
inverse-reaction cross-section calculations using various og-aboratory, as an improvement to the caz®vos [30]. It is
tical potentials appropriate for various mass and energy redescribed in detail in Ref31], therefore we will not elabo-
gions; nuclear level densities are calculated taking into conrate here.CEM2K is a next step in the improvement of the
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FIG. 10. Isotopic mass distribution for independent products of Tm, Ir, and Tl isotopes. Black squares are our measurements, while filled
stars show GSI data obtained in reverse kinematics. Results from different codes are marked as indicated.

CeM,; it differs from cem97 mainly in the details of the tran- preequilibrium and compound decay, have been changed.
sitions from the cascade stage of a reaction to the preequéem2k is briefly sketched in Ref32]; it is still under devel-
librium one, and from the latter to equilibrium decay. This opment and will be described in a future paper.

preliminary version ofcEM2K has less preequilibrium emis- Contrary to the simulated data, the experimental results
sion than the earlier versions. The changes were motivateidclude not only independent, but al&and mainly cumula-

by discrepancies with the recent GSI df® in the earlier tive and supracumulative residual product nuclei. To get a
versions of the model. Roughly speaking, two parameters;orrect comparison between the experimental and simulation
which correspond, respectively, to the transition betweerata, the cumulative cross sections must be calculated on the
cascade and preequilibrium and to the transition betweebhasis of the simulated independent cross sections. If the pro-

064610-13



YU. E. TITARENKO et al. PHYSICAL REVIEW C 65 064610

50 T ™ T ; i ; i T T ; "
CEM95 1k LAHET-ISABEL R LAHET-Bertini it INUCL E

40 1t . 1t 1t :

30} 1t

Number of ratios

o200z

1 10" 102102 107 1 10" 102

Ocalc,i / Oexp,i

FIG. 11. Histograms of simulation-to-experiment ratios for 1 GeV proton-irradiZf&.

duction chain ofn radioactive nuclei is presented as accuracy requirements of cross sections for nuclide produc-
tion to be used in designing ADS plants, according to Ref.
01 02 On [40].) We define our first quality criterion as the ratio of the
! l ! (21)  number of such “coincidences” to the total number of the
2 2 2 ”:1 n comparison events.

For our second criterion, we define the mean simulated-
(wherewvq,...,v,_, are the branching ratios of the respective to-experimental data ratic/]:
nuclideg, the simulated cumulative and supracumulative

cross sections of theth nuclide can be calculated as
<F>: 10\/<|Oglo(0'cal,i /Uexp,i)2>1 (24)
n—1 n—1
oSiM= o+ iEl | Vj), (22)  with its standard deviation
= =i
cunt __ind Ano1 S(<F>):<[|0910(Ucal,i/O'expi)_|0910<|:>]2>- (25
o, =0, tT———v,
An—l_)\n
n—2 n—2 where ( ) designates averaging over the experimental and
« O_inn_dl_'_ 2 O_:ndH Vj) _ (23) siTuIaJEle()j cross sections used in the comparisohs (
i=1 =i =1,...Ng).

The mean ratiolF) together with its standard deviation

The branching ratios of the decay chains are taken from ReB((F)) defines the interva[(F)/S({F)),(F)S({F))] that
[15], considering that the branchédue to isomeric transi- contains about two-thirds of the simulation-to-experiment ra-
tions and« decay isobaric chains can always be presentedtios. A logarithmic scale is preferable when determining the
as a superposition of linear chains. factor (F) rather than a linear scale, because the simulation-

To get a correct comparison between results obtained bgxperiment ratios are occasionally very large or very small.
different codes, the calculations are normalized to the same We apply the above two criteria together with our results
cross section for proton-nucleus inelastic interactions. We&hown in Figs. 9—12 to infer conclusions about the predictive
calculate this cross section by a semiempirical formula conpowers of the tested simulation codes.

tained in Ref.[39] which gives a cross section for the The default options are used in all of the simulation codes
+2%8pp inelastic interaction of 1857.8 mb at 995 MeV, thewithout modifying the codes to get optimal agreement with
incident energy of our experiment. the data. All the calculations were made before any experi-

We consider two criteria to evaluate the quality of the datamental results were obtained, except the results foam2k
reproduction by the various models. Previously, an(which was not adjusted to our data, but which was devel-
experiment-simulation difference of no more than 30%oped by considering the data of RE®]). With such an ap-
(0.77<0¢aic/ 0exp<1.3) has been taken to be a pragmaticproach, our comparisons demonstrate the real predictive
definition of “coincidence”[40]. (The 30% level meets the power, rather than the descriptive power, of the codes.
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FIG. 12. The simulated mass distributions of reaction products together with the measured cumulative and supracumulative cross
sections. The black lines show the GSI d&Ref.[9]).

VI. COMPARISON OF EXPERIMENT WITH (iii) Fig. 11, which shows a histogram of the simulated-
SIMULATIONS to-experimental data ratios;

. . _ (iv) Fig. 12, which shows the simulated mass distributions
The results obtained with the codes are presented in ot the products together with the measured cumulative and
(i) Fig. 9, which shows the results of a detailed compari-g,nracumulative cross sections of nuclides that are in imme-

son betyveen simulated and experimental independent anglate proximity to the stable isotope of a given méhks sum

cumulative products; of such cross sections from either side in cases when both
(i) Fig. 10, which shows the results of a detailed com-|eft- and right-hand branches of the chain are presaite

parison between simulated and experimental independesgimulations do not necessarily contradict the experimental

products of all isotopes of Tm, Ir, and TI measured in thisdata if calculated values are higher than the experimental

experiment(black squarestogether with the data obtained data and follow the same general trend. This is because di-

by the reverse-kinematics method at GBlack star [9]; rect y spectrometry identifies only the radioactive products,
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which generally form a significant fraction of the total massfor their ability to work when the target is heavy enough to
production but are never equal to the total mass productiorfission. Among the codes used hengsHET, CASCADE,
because the independent cross section of any stable isob&ucL, CASCADHINPE, and YIELDX simulate both spallation
will not be measured. and fission products. TheEm9s and CEM2k codes simulate
We measure a total of 114 cross sections. Of these, wepallation only, do not calculate the process of fission, and do
select a total of 70 to compare to calculations. We reject th@ot provide fission fragments and a further possible evapo-
following nuclides from our comparison in the cases whereration of particles from them. When, during a Monte Carlo
(1) the measured product is metastable or is only theimulation of the compound stage of a reaction, these codes
ground state where a metastable state also exists, nameBncounter a fission, they simply tabulate this ev@mat per-
20amppy, 19Mpyy 198ml) 196nT 19MMpg 19MHg 19MHg - mits calculation of fission cross sections and fissiliand
1imay, 19WAy, 8%y, 18angg 18AMRe 12lmTe MMTe  finish the calculation of this event without a subsequent cal-
12ngp, 4, 11npg, 108mag, 19IMRp, 90y and 8"Rb;  culation of fission fragments. Therefore, results froames
(2) there is a transition of a metastable state to a producind cem2k shown here reflect the contribution to the total
out of the given decay chain, namef?®Tl, *9r, 12Th,  ¢ross sections of the nuclides only from deep-spallation pro-
199Gd, 1#'Te, %°Tc, %Tc, Nb(c), #Nb(i), 3%zr, 87y, ¥Sr,  cesses of successive emission of particles from the target, but
and ®%Br; do not contain fission products. This is explicitly reflected in
(3) there is a strong correlation between a measured cua smaller number of the products simulatéte quantityN
mulative cross section and that of its decaying parentin Table IV and in the shapes of the simulation curves in
namely, 88Pt-188y, 189, 18%0g, 13Ta173f, "2Hf  Figs. 9 and 1R To be able to describe nuclide production in
=My, YHf-1u, %9 u—1%%p, Dy-1Th,  the fission region, these codes have to be extended by incor-
1537p— 15%Gd, and**®Gd—*%Eu. The cumulative cross sec- porating a model of high-energy fissiée.g., in the transport
tions of the precursors in all the above chains are almostode McNPX [41], whereCEM97 is used, it is supplemented
equal to the cumulative cross sections of the daughterdy the RAL fission mode]42]).
which is why only the daughter cross sections are used in our The following conclusions follow from the analysis of the
comparisor(to prevent double countingAlso, in the case of results presented in Table IV and in Figs. 9-12:
a strong correlation between the cumulative and independent (1) Most codes can reasonably adequately simulate the
cross sections of a produd®y), only the independent cross weak spallation reactionghe A=180 products with simu-
section is used for comparison. lation results differing from experimental data usually within
Table IV presents quantitative information concerning thea factor of 2, althouglviELDX has several larger discrepan-
agreement of the simulated cross sections with experimentgies in this mass region. The largest discrepancies occur for

data for each of the simulation codes, namely, nuclides with low cross sections, such A8Hg (underesti-
(i) the number of the product nuclei whose cross sectiongnated by an order of magnitude byeLbx) and *88r (un-
are simulated by a particular codég; derestimated by a factor of 5 bgASCADHINPE). All the

(i) the number of comparison events when the simulate¢dodes simulate a number of produ¢t€4r, 18%0s, 19°T1,
results differ from the experimental data by no more thar?r|(cum), 2°TI, and ?%Ph] to better than 30%.

30%, Nc, , and the number of comparison events when the (2) In the range of the deep-spallation reactions (30
calculations differ from data by no more than a factor of 2.0,=180), the simulation codes have very different predictive

Nc, , powers, namely,
(iii) the mean ratio of the simulated results from experi- (1) the LAHET (we consider only thesAgeL option in
mental datafF), and its standard deviatioS((F)). this section, CASCADEINPE, andYIELDX predictions are very

Since about a third of all secondary nuclei from our reac%?fe fo the experimental data; the only exception is
tion are not spallation products, the ability of codes to simu- - LU(ind), whose measured cross section is about a factor

late high-energy fission processes is an important criterioRf 2 Smaller than inAHET andyieLbx and about a factor of
2 higher than thecASCADE/INPE prediction;

TABLE IV. Statistics of comparison between experimental and (i) the cASCADE code simulates thé\=160 product
simulated cross sections in 1.0 GeV proton-irradiat®®b. The  Cross sections quite adequately, except'fdru(ind) whose
CEM2K row is separated by a double line because this model hagieasured cross section is about ten times the simulated
been developed by considering the data of R#f.but not our data.  value; however, as the atomic number of the product de-
creases below 160, we observe an underestimation of data by

Code Nc,,/Nc,,/Ns " S((F)) CASCADE the deviation tends to increase with decreasing
LAHET-ISABEL 36/55/70 1.90 1.70 (up to a factor of B . '
LAHET-Bertini 30/51/70 2.03 1.69 (ii ) theiNnucL code underestimates these reaction prod-

CEM95 27/43/51 2.06 1.91 ucts systematically by factors of 2—10 with the discrepancy

CASCADE 26/51/66 2.09 1.79 increasing with decreasing;
CASCADE/INPE 27/51/64 1.84 1.56

(iv) the codecem2k was developed taking into account
the recent GSI measuremefngd. In the spallation region it
agrees best with the data compared to all the other codes,
CEM2K 30/51/55 1.61 1.43 although like its predecess@emos, it does not contain ex-
plicit treatment of fission fragments.

INUCL 21/35/67 2.85 2.10
YIELDX 23/44/70 2.78 2.22
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(3) In the range of most probable fission products (60that the charge distributions in the isobaric decay chains are
<A=120), theinucL predictions are in the best agreementimportant as well. The information thus obtained would
with our data. As a rule, theyucL-simulated cross sections make it possible, first, to raise the information content of the
differ from measured data by factors of less than 1.5, exceptomparisons between experimental and simulated data and,
for #8Sc, 5%Fe, and®®Zr. INUCL contains a thermodynamical second, to reduce the uncertainties in experimental determi-
fission model with its own parametrizations of mass andnation of the cumulative cross sections by establishing un-
charge widths, level-density parameters, etc. Data from Bmbiguous relations betweerf™ and ou" for many of
GeV proton-induced fission d”Bi were among the many  the reaction products.
experiments considered during the development of the model \We measure in the present work 114 cross sections of
[34]; this might help to explain its good prediction of the nuclides produced in interactions of 1 GeV protons with
fission fragments in our experiment. TheHET-simulated  29%pp  of which eight are independent cross sections of
cross sections underestimate data by factors of 1.5-8, excegfound states, 15 are independent cross sections of meta-
for 88Zr and '%°Ag. However, LAHET does the best in the stable states, 15 are independent cross sections of metastable
mass range 140—150, wherescL greatly underpredicts the and ground states, 65 are cumulative cross sections, and 11
data.LAHET also does very well in th&=45-60 region for  are supracumulative cross sections. We compare our data
total mass yield(Fig. 12, but not as well for the specific with previous measurements and with predictions of seven
isotopes we measuré®Sc and*°Fe). The specific predic- different codegeight models used in many current applica-
tions of isotope-production cross sectiofféig. 9 of the  tions to understand qualitatively and to estimate quantita-
semiphenomenological codgeLDx both under-and overes- tively their predictive powers.
timate the fission-product data by factors of up to 30, without Regarding the codes benchmarked here, we conclude that
showing any obvious patterns in the disagreement. In commone of them agrees well with the data in the whole mass
trast, thevIELDX isobar cross sections are all greatly over-region of product nuclides and all should be improved fur-
predicted, as shown in Fig. 12. TG&SCADEINPE cross sec- ther. In addition, the predictive power of all codes for data in
tions of four 139<As<146 products are strongly the fission-product region is worse than in the spallation re-
underestimate(up to one to two orders of magnitudevhile  gion; therefore, development of better models for fission-
the rest of the simulated fission-product cross sections agrgeagment formation should be of high priority. TreEM2K
with the experimental data generally within a factor of 2. Thecode developed recently at Los Alam@2] motivated by
CASCADHINPE model reproduces nearly as welliasiCL the  the recent GSI dat9] agrees best with our data in the spal-
mass distribution in the fission regidRig. 12), but both do  |ation region A=155) of the codes tested. BaEM2K is
poorly in representing the isotopic distribution in the massinapplicable in the fission-product region; as to date, it has
~140 region. As a rule, the agreement of all codes with theno model of fission-fragment formation. In this region,
data in the fission-product region is worse than in the spalmuctL works best for (66 A<120) while LAHET-ISABEL is
lation region; therefore, development of a better model fomest for (146s A<155).
fission-fragment formation is welcomed for any code.
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