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Excitation functions were measured for tF&Cr(n,2n)%!Cr, 52Cr(n,p)°2V, 55Cr(n,p)%V, 5%Cr(n,np+pn
+d)%v, %Cr(n,p)®*V, %*Cr(n,np+pn+d)>V, and >‘Cr(n,a)5'Ti reactions from 9 to 21 MeV. Use was
made of the activation technique in combination with high-resoluteray spectrometry. Monoenergetic
neutrons produced via théH(d,n)®He and®H(d,n)*He reactions were used to irradiate samples of metallic
chromium,52Cr,0;, 5Cr,05, and >*Cr,0;. The neutron fluence rates were determined vig?fA§ n,p)>’Mg,
27Al(n, ) ?*Na, 5®Fe(n,p)°®Mn, and ®Nb(n,2n)°?"Nb monitor reactions. Short-lived activities were investi-
gated using a pneumatic sample transport system. Statistical model calculations taking into account preequi-
librium effects were performed for all the reactions using a consistent set of model parameters. The experi-
mental excitation functions helped appreciably to resolve the discrepancies in evaluated data files. Good
agreement was found between our experimental data and the new model calculations.
[S0556-281@®8)07008-3

PACS numbd(s): 24.10—i, 24.60.Dr, 27.40+z

I. INTRODUCTION II. EXPERIMENT

A. Sample irradiations

Studies of excitation functions of fast neutron-induced re-  High-purity metallic natural chromium samplé9.9%, 1
actions are of considerable interest in testing nuclear modelgam thick, supplied by Goodfellow Metals, Cambridge, En-
However, extensive data exist only around 14 MeV. In thegland were fabricated with a laser cutting technigue into
energy ranges 8-13 MeV and 15-20 MeV relatively fewsmall disks(1.0 g, 1.3 cm in diametgrSamples of enriched
measurements have been done and the results are often iHCr,03 and **Cr,O3, each containing 50 mg of chromium
consistent. Different cross section evaluations, mostly base@upplied by CHEMOTRADE GmbH, Daseldorf, Ger-
on model calculations, differ frequently by a factor of 2—3. Many, were pressed into small pellgts.0 cm in diameter
Since in the energy region up to 20 MeV many reactiondnd covered with a thin Scotch tape. Some samples of

\ : : . . °%Cr,05 (50 mg each, borrowed from JAERI-Tokai-mura,
channels are opdm.g., elastic and inelastic scattering, rad'a'Japan, originally supplied by Oak Ridge Laborajowere

tive capture, 6,2n), (n,p), (n,a), (n.np), (n.,d), (n,na), ot pressed but just wrapped in a small cartridge paper
etc], different reaction mechanlsms. need. to be pon3|dere 1.0 cmx 1.0 cm). Reference samples were thin metallic
(compound, precompound, and direct interactionSor  fgjs of aluminum, iron, and niobiunt99.9%, 100—25Q.m
nuclear reaction model calculations several computer codegick, 1.3 cm in diameter, supplied by Goodfellow Metals,
based mainly on compound-precompound mechanisms, a®ambridge, England

available but the parametrization is often uncertain. There- Three series of irradiations were carried out using differ-
fore more experimental data are needed to test the modent experimental facilities. At the variable-energy Compact
parametrizations. Of special interest are investigations on &yclotron CV 28 at Jlich, irradiations with quasimonoener-

series of isotopes of a particular target element or a particul#€tic neutrons in the energy range of 9.3—12.3 MeV were

H 3 H _
mass region to develop such parameters in a systematic w&grormed using théH(d,n)°He reaction Q=3.269 Me\}
ith a D, gas target. The details of the neutron source and
h

and thus to improve the reliability of extrapolations based o

) . o e irradiation geometry are described[i2]. The natural
::;‘Q’Seo;n(?]dzers' (Vr\]/(;)cr}cr)]s§ pt)o ;nn\ijes(;;“g"’)‘t?e;hcfioe::g?;g'r 1Euncéhromium samples, each sandwiched between two aluminum
1 1 1 1 1 1 Ya 1

53 4 54 hich lead i 4 q p and _iro_n foils, were irradiated in the 0° direction re.lative to
Cr, and >'Cr which lead to radioactive products and aré,e jncident deuteron beam at currents of approximately 4
thus measurable via the activation method. Special emphasEA_ The distance between the sample and the back of the
was given to those energy regions where no data existe¢heam stop was 1.0 cm. For each chosen deuteron energy, one
Apart from this fundamental interest, the activation data oryradiation was done with a filled celbas in and one with
chromium are important for practical applications in fusiongn empty cell(gas ou}, both of them in an identical geom-
reactor technologye.g., estimation of activity level, hydro- etry. The gas-out irradiations are needed to allow for a small
gen and helium gas production, nuclear heating, and radiaorrection due to the background neutrons stemming from
tion damageg since chromium is an important constituent of interactions of the deuterons with structural materias-
structural steel. trance window, beam stop, cell wall, etcAt the highest
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incident deuteron energy of 9.7 MeV the contribution of gas according to the results frof@], and the activation ge-
these background neutrons to the total activation was 5-emetry. For the DT neutron field theEuT-HAV code was
10 %, depending on the reaction threshold of the investigatedlightly modified by implementing the geometry of the Ti/T
reaction. The irradiation time was 10 min for each sampletarget as well as the angular distribution of tfid(d,n)*He
and the beam current was always recorded with a chargeource reactiof9].
integrator. The neutron flux densities were determined via the
At the 7 MV Van de Graaff accelerator at Geel, irradia- 2’Al(n,p)?'Mg, 2’Al(n,a)?*Na, *%Fe(n,p)®®Mn, and
tions with quasimonoenergetic neutrons in the energy rang&Nb(n,2n)°2"Nb activation cross sections by determining
of 13.3-21.0 MeV were performed using tHel(d,n)*He  the activities of the reaction products in the respective moni-
reaction Q=17.59 Me\} with a solid-state Ti/T target tor foils sandwiching the chromium samples. These activities
(2.042 mg/crf thick) on a silver backing0.4 mm thick.  were determined vig-ray spectrometry in the same way as
Here two different irradiation geometries were used. Onehe activities induced in the chromium sampieee the fol-
allowed the irradiation of several samples simultaneously alowing section. The activities were corrected for contribu-
several angles. This is useful for long irradiations since duéions from background neutrons. For the experiments with
to the angular distribution of théH(d,n)*He reaction sev- the gas target, the gas-in—gas-out corrected activity was cal-
eral samples can be irradiated with different neutron energiesulated first as described jti0]. Then the corrections for the
in one experiment. In an irradiation of 100 h, a total of severbreakup neutrons were determined from the neutron spectra
sample stacks, each containing three chromium disks anchlculated with thevEuT-HAV program, using the cross sec-
one thick nickel pellef1.4 cm in diameter~5.0 g sand- tions taken from therDF-90.2computer filg11]. The ratio of
wiched between five niobium reference foils, were fixedthe activity induced by breakup neutrons to the activity in-
symmetrically to the ion beam direction in an aluminumduced by monoenergetic neutrons was calculated and used
sample holder ring, as described B]. The second and third for the correctiongsee also Ref8]). In order to estimate the
chromium disks as well as the nickel pellet were part ofcontribution of background neutrons in the DT neutron field,
another experiment and thus are just given for completenegke neutron spectra were determined experimentally by time-
but are not considered here any further. The sample holdesf-flight (TOF) measurements. For these measurements the
ring was adjusted with its center above the nominal sourc&/an de Graaff accelerator was operated in the pulsed mode
position. Nominal angles were 0°, 30°, 60°, and 105°, andand the neutrons were detected with an NE-213 liquid scin-
the distance between the front of each sample stack and thidation detector which was placed 2.69 m behind the target
target was 3 cm. In addition to this long irradiation, someat variable angles. The detector efficiency was calculated
short irradiationg10 min) were performed with the samples with the Monte Carlo codeEFF7, an updated version of the
previously used at Jigh. Here only one sample at a time NEFF4code[12]. The corrections for the low-energy neutrons
was irradiated at angles of 0°, 60°, and 110°. were then applied in a similar way as was done for the DD
The third irradiation geometry, also at Geel, used a pneubreakup neutrons. Finally, the average fluence rates at the
matic sample transport system of 20 m length, especiallgample positions were determined by appropriately averag-
designed for measurements on short-lived isotddésThe  ing the corrected activities and using the cross sections from
samples were placed in a small container which was pusheithe IRDF-90.2computer file(see above The decay data of the
with compressed air through a plastic tube to the targetproducts were taken from the literattE3] and are given in
stopped at a distance of 1 cm in the 0° direction relative torable I. In cases where more than one reference reaction was
the deuterium beam, and sucked back by a vacuum pumipsed to determine the neutron fluence rate, the individual
after completion of the irradiation. Details about the pneu-esults were averaged. Generally, the agreement between the
matic sample transport system are given elsewf&raVNith individual results was within 5%5]. In the experiments on
this system, the samplémainly the enriched isotopewiere  the short-lived reaction products, in order to save time, the
sandwiched between two aluminum foils and irradiated fortwo aluminum monitor foils were counted simultaneously
short periods(3—10 min. In order to allow cross-checks with the sample. Here the activities of the aluminum foils
with the other irradiation setup some natural chromium diskgield directly the average neutron fluence rate effective for
were also irradiated. During the irradiations at Geel the bearthe sample.
current was between 5 and 18A. The source intensity was
continuosly monitored by counting the neutrons with a Bon- C. Measurement of radioactivity
ner sphere or with a long counter operated in the

multichannel-scaling acquisition mode. The radioactivity of each activation product investigated

was determined via standargray spectrometry. For this
purpose three lead-shieldd8 cm thick HPGe detectors,
two at Geel(28% and 45% relative efficientyand one at
The average neutron energy effective at each sample iduich (15% relative efficiencywere used. The detectors at
the DD neutron field was calculated using the Monte CarlodGeel were connected via two analog-to-digital converters
program NEUT-HAV [6], an improved version of the code (ADC'’s) to a PC plug-in MCA card and the data acquisition
NEUT [7]. It takes into account the energy loss, energywas controlled with the softwaremcaA (supplied by TAR-
spread, and angular straggling of the deuterons in the elGET GmbH, Solingen, GermahyThe detector at Jich was
trance window of the gas cell, the neutron production withinconnected to a 92 Spectrum Master and controlled with the
the volume of the gas cell, the angular distribution of thesoftware GAMMAVISION (supplied by EG&G Ortec, Oak
2H(d,n)3He reaction, the breakup of the deuterons in the D Ridge. The counting was done in the following way. The

B. Mean neutron energies and flux densities
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TABLE I. Decay data of measured reaction products, taken ffatle of Isotope$13]. The Q values
were calculated from atomic masses giverj48].

Nuclear Q value  Half-life of Decay mode y-ray y-ray

reaction (MeV)  the product (% branching energy(keV) abundance (%)

Investigated reactions

52Cr(n,2n)5Cr —12.0395 27.70d EG (100 320.1 9.86

52Cr(n,p)%v —3.1931  3.75min B~ (100 1434.1 100.0

53Cr(n,d)%v —8.9077

53Cr(n,np)5& —11.3444

53Cr(n,p)>Vv -2.6537 92.3% B~ (100 1006.0 89.6

4Cr(n,d) >3V —8.9077

%4Cr(n,np)53v —11.1323

%4Cr(n,p)>V —6.2593 49.8s B~ (100 834.8 97.1

989.0 80.1

S4Cr(n, a)5*Ti —15551  5.76 min B~ (100 320.1 93.4

Monitor reactions

ZIAl(n, a)*Na —3.1328 14.96h B~ (100 1368.6 100.0

27Al(n,p)?"Mg —1.8280  9.46 min B~ (100 843.8 71.8
1014.4 28.0

SéFe(n,p)>Mn —2.9131 2.58h B~ (100 846.8 98.9
1810.7 27.2

9Nb(n,2n)%?"Nb —8.9667 10.15d EC%$99),8" (<1) 934.4 99.1

®lectron capture.
bTaken from[14].

samples were placed either directly on the detector or at aross sections, we used our preliminary data or a model cal-
distance of 0.5 cm from the end cap of the detector. Genereulation(see the following section This approach seems to
ally the measuring time for the short-lived isotopes was twabe justified since our new measurements improve the knowl-
or three times the half-life and a correction was applied foredge of most of the investigated reactions for which the
the decay during the measurement. The decay data weegaluations show big discrepancies. For the experiments us-
taken from Ref[13] (see Table)l In one case, namely, the jng the pneumatic transport system, neutron multiple scatter-
nuclide >3V, the half-life was taken from a recent measure-ing corrections were done using the cotlescta[19] (for
ment[14]. When the activity of the product was high enough getails seq5]). Since these scattering corrections are quite
a decay curve was recorded and the initial activity was degmaj|(jess than 5% and are expected to be even smaller for
termined by least-squares fitting to the measured counts asygy other two irradiation geometries, we did not take multiple

function of time using the half-life given in the literature. scattering into account for these latter two geometries. After

EZEM%?&(V?;%?[?%&“%{?; V;’]z‘;’o dggke e\a‘/iltt:ri]ertgsespocf: tﬁgogé?rgpplying all the corrections, the cross sections were calcu-
' ' P P lated using the usual activation formula. The uncertainties of

tectors were determined using calibrated standard source,[?f d i t 0 5-10 %. Th
obtained from PTB, Braunschweig, Germany, and DAMRI, € measured cross sections amount 10 5- 0. Ihey were

Gif-sur-Yvette, France. The measured calibration pointPtained by taking the square root of the quadratic sum of all
were fitted with an analytical function describedi6]. The ~ the individual uncertainties.

total efficiency curves were determin¢dl7] to correct for

coincidence losses, which were estimated from the decay 1. NUCLEAR MODEL CALCULATIONS

schemeg13]. The cross section calculations were performed by means

of the codesTAPREH [20,21], a modified version o§TAPRE
[22], which uses the Hauser-Feshbach formula and the exci-
The count rates were corrected for coincidence losses den or geometry-dependent hybrid modgDH) for the
well as for y-ray abundancejy-ray self-absorption, effi- first-chance preequilibriundPE) emission of particles. Both
ciency of the detector, and differences between the geonthe statistical and the preequilibrium models require optical
etries of the samples and the calibration sources. Correctionmtentials to calculate transmission coefficients and inverse
for neutron flux fluctuations during the irradiations were alsoreaction cross sections. Before using an optical potential to
taken into account using the multichannel-scaling spectra regenerate transmission coefficients and reaction cross sec-
corded with the Bonner sphere or the long counter. The protions, the potentials were checked by comparing their predic-
cedure is explained ifL8]. The contributions from the back- tions of particle emission, nonelastic, and total cross sections
ground neutrons were estimated as described for the monitevith experimental data, where available. The calculation of
reactions(see Sec. Il B But instead of using the evaluated the transmission coefficients was done with the cedet

D. Calculation of the cross section
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TABLE II. Level density parametea, backshiftA, and number of discrete leveld up to excitation
energyE, used insTAPREH calculationsa andA were taken fronj30]. In those cases wheeewas slightly
modified, the value fromi30] is given in brackets.

Nuclide a A N E,
[MeV™1] [MeV] [MeV]

4Ca 5.55 0.25 17 4.103
483¢ 6.00 -1.20 30 2.891
495¢ 5.60 0.48 18 4.493
505¢ 6.20 0.10 9 2.614
48T 5.55 -0.25 21 3.852
49T 6.25 —-0.50 15 2.720
50T 5.40 0.77 11 2.084
ST 5.55 —-0.52 15 3.237
537j 5.70% 0.0¢% 1 0.000
Sty 5.78 -0.88 25 3.454
52y 6.10 —1.58 24 2.428
53y 5.80(5.60 —1.42 11 2.084
S4y 6.35(6.15 —-2.05 15 1.215
Sier 5.30(5.70 —1.40 34 3.207
52cr 5.67(5.80 0.60 24 4.837
S3cr 5.60 -1.07 17 2.827
S4cr 5.60(5.70 -0.12 25 4.254
5Scr 6.10 -1.20 16 2.390

8 stimated, since the level scheme is unknown.

[23] which is implemented as a subroutine. The neutroraccounted for in the case of inelastic neutron scattering on
transmission coefficients were calculated with the opticalow-lying levels. They were estimated from distorted-wave
model potential of Ferreet al. [24], modified by Uhletal.  Born approximationfDWBA) calculations[25,34] to be on
[25]. Proton and alpha transmission coefficients were calcuthe order of 3—8 % of the total cross section.

lated with the optical potential of Arthur and Youp26] and

Avrigeanuet al.[27], respectively. The nuclear masses used

were taken from the atomic mass evaluation done by Audi IV. RESULTS AND DISCUSSION

and Wapstrd28]. The discrete levels, including information
about energy, spin, parity, angiray branching, were taken
from [13]. Levels up to excitation energies 6f4 MeV were The cross sections are given in Tables Il and IV and are
included where the level information seemed to be completeplotted, together with the data available in the literature
The level density above the discrete levels was calculated byi8,35—-68, as a function of neutron energy in Figs. 1-7.
the backshifted Fermi-gas mod@9]. The level density pa- The results of some major evaluations, as well as the
rameter and the backshift were taken from the compilation o6TAPREH calculations, are also shown. TB&APRE-H plots
Avrigeanuet al.[30]. In some cases they were slightly modi- describe the calculations with the exciton model, using a
fied in order to fit better the experimentally determined ex-slightly modifiedF,, parameter. Some remarks on the indi-
citation functiondi.e., a decrease of the level density param-vidual reactions are given below.

eter for °1Cr from 5.70 to 5.30 resulted in a decrease of the The excitation function of the*Cr(n,p)%?V reaction is
52Cr(n,2n)'Cr excitation function of 3% They are givenin  shown in Fig. 1. Our data provide, together with the recent
Table 1l. The preequilibrium emission was calculated withmeasurement of Mannhaet al. [35], the first cross sections
both models. In the exciton model we chose the energy anih the so-called “gap region” between 9 and 14 MeV. Our
mass dependence of the effective matrix element for interndlvo lowest-energy points match the data of Smith and Mead-
transitions agM|?>=Fyx A 2E~1, with F), calculated ac- ows[36] at the threshold region and are also in good agree-
cording to[31]. The sensitivity of the cross section to this ment with those of Mannhasdt al. but at higher energies the
parameter was tested by modifying its value hR0%. In  latter are somewhat highéonsistent withieF2.2 evaluation

the GDH model the preequilibrium emission was calculatedcand the STAPREH calculation. Our data above 14 MeV,
with a version of the codeiyBrID [32] (implemented as a measured with enriched as well as natural sample material,
subrouting including angular momentum, parity conserva- are consistent. The two other existing data sets in this energy
tion, and alpha emission. A so-called composite singletegion have the same shape of the excitation function but are
particle state density, based on the Fermi-gas model, wagther much highef37] or lower [38] than our data. At 14
chosen according tf83]. Direct reaction contributions were MeV the data of Mannhart al. as well as of Viennoet al.

A. Excitation functions
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TABLE lll. Cross sections determined using natural sample material.

Neutron energy Cross sectipmb]

[MeV] 52Cr(n,2n)5Cr 52Cr(n,p)%Vv 53Cr(n,p)Vv
9.31+0.20 50.8:3.5

10.33+0.22 55.1%3.6

11.57+0.24 65.3-3.9 28.3£6.0
12.27+0.26 70.74.4 36.4-5.7
13.71+0.25 88.2:5.6 48.9-6.0
14.25+0.20 330.317.0

15.01+0.25 82.94.1 46.4-4.3
15.95+0.25 74.7#3.6 42.3-3.5
16.02+=0.25 79.6:3.9 48.4-2.9
16.99+0.20 65.8-4.3 45.8-4.3
17.20+0.25 591.6:29.1

17.54+0.30 59.3:3.7

17.73:0.25 58.3:4.1 45.7%3.4
17.80+0.30 58.9-3.2 40.5-5.2
18.73+0.35 455-2.7 30.5-2.8
18.80+0.30 621.931.3

19.04+=0.25 46.6-3.1 35.2£2.8
19.40+0.32 637.4-33.2

19.70+0.40 34.2:1.7 19.7+2.2
20.24+0.25 28.8-2.1 16.8:1.3
21.07£0.50 27.1-2.6 15.4:2.3

[39] are confirmed. The data of Ike@a al.[18] and Kawade estimation of the 1§,2n) cross section{8%) could not be
et al.[40] around 14 MeV are 10% lower than all the others.solved by a parameter adjustment since each variation which
Many single data points around 14 MeV have not been indecreased this cross section simultaneously increased the
cluded in the figure for reasons of simplicity and clarity. (n,p) value.
They all lie between 75 and 100 nibee Refs[41-47). Figure 3 shows the excitation function of the
The ®2Cr(n,2n)5!Cr cross sections, shown in Fig. 2, split %3Cr(n,p)>V reaction. We report the first measurements in
above 16 MeV into two groups. The data of Liskiehal.  the “gap region” between 9 and 14 MeV and above 15
[48] represent a higher trend while those of Ghataal.[38]  MeV. Our data around 14 MeV are consistent with the aver-
and Bormanret al.[49] show a lower trend in the excitation age value of the literature data. The discrepancies in the three
function. The evaluations also split in these two groupsgiven evaluations are resolved by a clear support of the
ENDF/B-VI relying on Liskienet al. and JENDL-3.2 on Ghorai ~ ENDF/B-vI through the new experimental data. The model
et al. and Bormanret al. Our data agree well with the data calculation follows the trend of the experimental data up to
of Liskien et al. and the new data of Mannhagt al. at 14 19 MeV; at higher energies it is 20% higher than the experi-
MeV [35]. Keeping in mind that the data of Ghoetial.also  mental data.
for the (n,p) reaction are systematically lower by 20-30 %, The situation for the’*Cr(n,pn+ np+d)°2Cr reaction is
it is seen that the higher trend in the excitation function isshown in Fig. 4. We report again the first experimental data
clearly validated. For both then(p) and (h,2n) reactions on above 15 MeV. They agree fairly well with the evaluations
52Cr our model calculation is in very good agreement withand the model calculation+(20%). The calculated indi-
the new data over the whole energy range. The small overidual contributions of ther(,pn), (n,np), and (,d) reac-

TABLE IV. Cross sections determined using enriched sample material. Tjpa) reaction includes contributions from the,p) and
(n,d) reactions.

Neutron energy Cross sectipmb]

[MeV] 52Cr(n,p)%v 53Cr(n,p)v 53Cr(n,pn)5v %4Cr(n,p)®Vv %4Cr(n,pn)53v S4Cr(n, a) i
16.02+ 0.25 76.0= 3.8 49.2+ 3.6 26.1+ 2.1 224+ 1.7 6.5+ 0.6 14.1+ 1.2
16.99+ 0.20 61.7+ 4.1 439+ 5.6 55.3* 4.2 26.3+ 2.0 15.0+ 1.6 143+ 1.4
17.73+ 0.25 57.4+ 3.2 41.2+ 5.0 70.9+ 5.0 27.1+ 2.1 225+ 2.3 14.3+ 1.3
19.04+ 0.25 40.5+ 2.7 28.0+ 3.1 777+ 55 21.1+ 1.8 35.3% 25 10.3+ 0.9

20.24+ 0.25 28.3% 2.6 20.0= 2.1 78.1*+ 5.8 143 1.5 32,5+ 3.0 6.1+ 0.7
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FIG. 1. Excitation function of the’*Cr(n,p)5?V reaction. Be-

sides our results the literature data are also shown. Some more
results in the 14 MeV region given in Reféd1-47 are not shown.

FIG. 3. Excitation function of thé3Cr(n,p)>V reaction.

illustrated in Figs. 8 and 9. The GDH modgiold lines in
the figure$ and the exciton model with standalg, param-
The excitation functions of the >*Cr(n,p)>*", eter(calculated according f81], dotted lines in the figures
*4Cr(n,pn+np+d)*V, and *!Cr(n,«)°'Ti reactions are lead to quite similar results. The decreaseFgf increases
shown in Figs. 5-7. All of them have been hitherto poorlythe preequilibrium(PE) fraction and makes the first-chance
investigated due to the low natural abundanced@r. Our  emission spectrum harder. This reduces the second chance
data represent the first values above 14 MeV, and they agrasmission. This effect can be seen for the reactionS@r
fairly well with the model calculation. The three given evalu- (see Fig. 8 The reduction of Fy, increases the
ations are contradictory for all the three reactions. The best’Cr(n,n")%’Cr cross section at the cost of the
reproduction of the experimental data is givendewpL-3.2.  52Cr(n,2n)5!Cr cross section, and th&?Cr(n,p)>?V cross
Of particular interest concerning the model calculation is thesection increases at the cost of tH€r(n,pn)°V cross sec-
fact that all three reactions orfCr, involving emission of  tion. The (,p) reaction is best reproduced with a slightly
different types of particles, are described well by our calcuincreasedrFy, value whereas then(2n) reaction data are
lation, using one parameter set. fitted better with a decreasde,, value. Similar results for
the (n,p) and (,pn+np+d) reactions on>*°Cr are
shown in Fig. 9. The influence dfy, on the f,p) reaction
The influence of the chosen preequilibrium model on the2}) ®*Cr and *Cr is much stronger than in the case of the
calculated excitation functions was investigated, and this is Cr(n,p) reaction whereas then(pn+np+d) reactions

tions to the formation of?V are also indicated in Fig. 4.

B. Effect of preequilibrium models

700 — T T | L R T T 1T — T T 1T 120 T T T T
82 51 [ 53Cr(n,pn+np+d)*2V
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600 | I .
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2 O [Ref.52] this work
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FIG. 2. Excitation function of thé?Cr(n,2n)5!Cr reaction. Be-

sides our results the literature data are also shown. Some more FIG. 4. Excitation function of théCr(n,pn+np-+d)%?V pro-
results in the 14 MeV region given in Ref&3—61 are not shown. cess.
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FIG. 5. Excitation function of thé“Cr(n,p)®* reaction. FIG. 7. Excitation function of thé“Cr(n, a)®Ti reaction.

S4Cr. The threshold of the reaction increases with the in-
creasing mass number, the odd-even isotopes having a some-
what smaller threshold than the even-even ones, an effect
attributable to the pairing energy. The isotope effect de-
creases with increasing neutron energy since @healue

The isotope effect for then(p) reaction, stated by several effect becomes less importe_mt. The same trgnd can be stated
authors[46,50,51, could be clearly demonstrated here. Fig- " theé (0,pn+np+d) reactions. In no previous study has
ure 10 shows the result of the present experiment togethési"JCh a trend been reported explicitly.
with the STAPREH calculations for the rf,p) and (,pn
+np+d) reactions on®Cr, 52Cr, %°Cr, and >*Cr. For the

>Cr(n,p) and *’Cr(n,pn+np-+d) reactions only the calcu- Data were measured for the first time for the

lation is shown since these reactions lead to stable product&cr(n,p)>%/ and 53Cr(n,p)>3V reactions in the “gap re-

and thus are not measurable with the activation methodgion” between 9 and 14 MeV. Beyond 14 MeV substantial
With increasing target mass number the maximum cross sec-

are almost independent Bf,. It seems that opposite effects
on the f,pn) and (h,np) reactions compensate each other.

C. Systematics of excitation functions

V. SUMMARY AND CONCLUSIONS

tion for the (n,p) reaction on adjacent isotopes decreases by ' szlcr(ln n.')szc':r T 100
about a factor of Zestimating a maximum cross section for 1000
the ®'Cr(n,p) reaction of about 200 nib The maximum 80
position is shifted from 12.5 MeV for’Cr to 16.5 MeV for 800 | ]
60
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FIG. 6. Excitation function of th&*Cr(n,pn-+np+d)>V pro-

cess.

Neutron energy (MeV)

FIG. 8. Influence of thd=), parameter in the exciton model on
the excitation functions of different reactions 8tCr, and compari-
son with the results of the GDH model.
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Neutron energy (MeV) From the results presented above it is concluded that the

measurement of cross sections on a series of Cr isotopes has
FIG. 9. Influence of thé=\, parameter in the exciton model on peen very helpful in developing a consistent parameter set
the excitation functions of different reactions &fCr and®Cr, and  for nuclear model calculations. All the investigated reactions
comparison with the GDH model. are described relatively well by th&raPReH calculations.

new information was obtained for several reactions. In the
case of°2Cr(n,2n)%Cr and %*Cr(n,«)®'Ti reactions the da-
tabase was strengthened. For all the studied reactions on the We thank the crews of the Van de Graaff accelerator
Cr isotopes, especially for th&Cr(n,p)®3V, %Cr(n,p)®%, (Gee) and the Compact Cyclotrofiich) CV 28 for irra-

and %“Cr(n,«)°Ti reactions, where large discrepancies ex-diations and S. Spellerberg for experimental assistance.
isted in the major evaluations, the present data contribut€&ome useful discussions with Dr. A. J. M. Plompen and Dr.
appreciably to solving those discrepancies. Furthermore, fo8. Suda are acknowledged. Dr. J. W. Meadows is thanked
the (n,p) and (nh,pn) reactions, some systematic trends infor performing the multiple scattering corrections. A.F. is
the excitation functions, ascribed to tievalues of the re- grateful to the Commission of the European Communities
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