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Total cross sections for production of ‘Be, ?Na, and ?*Na in p+ ’Li and p+ 2’Al reactions
at 495 and 795 MeV
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Activation techniques have been used to measure the total cross section for the produtBier?&fla, and
2Na in proton induced reactions dii and 2’Al targets at bombarding energies of 495 MeV and 795 MeV.
The cross section for théLi( p,n)’Be(g.s+0.43-Me\) reaction at 795 MeV is about 11-15 % larger than
extrapolations based on previous data below 480 M&0556-28137)03403-1

PACS numbsd(s): 25.40.Ep, 25.40.Sc

The "Li( p,n) reaction leading to the ground state and firstthis intensity dependence has been made in the analysis of
excited stat€0.43 MeV) in "Be is a convenient reaction to the data. Beam intensity for the 495-MeV irradiations was in
employ for normalization purposes. Because there are nthe range from 27 to 32 nA. Beam intensity for the 795-MeV
particle-emission stable states above the first excited statéradiations was in the range from 50 to 200 nA.
the total cross section for this reaction can be measured by Three target assemblies were irradiated at each beam en-
counting residual Be nuclei. The total cross section can alsoergy. The first assembly consisted of three layers of rolled
be obtained, to within an overall normalization factor, by lithium metal (99.9% ’Li, 1 mm, 2.7 mm, and 1 mm thigk
integrating the differential-cross-section angular distributionfollowed downstream by three aluminum plai@400-H14
for the(g.s. + 0.43-MeV) transition. Comparison of the two alloy, >99% Al, each 1.63 mm thigk The second assembly
results gives the proper normalization factor for theconsisted of a single layer of rolled lithium met&6.5%
differential-cross-section distributidr.]. ’Li, 2 mm thick). The third assembly consisted of three alu-

Differential-cross-section distributions have been meaminum plategeach 1.63 mm thick The areal dimensions of
sured for energies up to 795 Md\¥2]. Until the present ex- each target piece were 3.8 cxn4.8 cm. The beam spot size
periment, however, total cross sections obtained from activavas about 2.5 cnffull width) at 495 MeV and about 1.0 cm
tion measurements existed only for energies up to 480 Me\(full width) at 795 MeV. Beam positioning was guided by
[3]. Normalization of higher-energy differential cross sec-insertable wire scanners approximately 30 cm upstream and
tions has therefore been dependent upon an extrapolation dbwnstream from the target position, and by a phosphor on
the activation total cross sections for energies above 48the target ladder. The beam was centered to an accuracy of
MeV [2]. We report here newLi(p,n)’Be activation mea- better than 1 mm.
surements that extend the range of the total cross section data The thickness of the aluminum plates in the three-layer
up to 795 MeV. Aluminum targets were also irradiated understacks was chosen to be sufficiently large to stop high-energy
the same conditions as the lithium targets to provide a checkBe fragments. In the middle target, forward and backward
on the normalization of the data. The cross sections for prolosses are therefore compensated by gains from the upstream
duction of "Be, #Na, and **Na in the aluminum are also and downstream targets. Detailed measurement8efpro-
reported. duction for protons incident on silver at 480 MeM]

The experiment was performed at the Clinton P. Andershowed a peak fragment energy of about 30 MeV. At back-
son Meson Physics Facilit) AMPF) in Los Alamos. Tar- ward angles, contributions from fragments as high as 100
gets were irradiated in the target chamber of the NeutroMeV are down by 5 orders of magnitude. The energy distri-
Time-of-flight (NTOF) facility. The beam current was moni- bution for ‘Be fragments from aluminum peaks at lower
tored by scaling the output from a secondary emission monienergies(e.g., seg5]), therefore use of the silver distribu-
tor (designated NTER110 m upstream from the target, and tions provides a conservative estimate of the necessary target
by integrating the charge collected in an insulated graphit¢hickness. The aluminum targets used here will stop 191-
beam stogNTFC) 7 m downstream from the target. NTER1 MeV ’Be fragments.
was continuously in the beam during all irradiations. The Target thicknesgareal densitywas determined by divid-
normalization of the NTER1 and NTFC currents wasing the measured mass by the measured area. Target mass
checked by comparison to a calibrated tordiXCM3) inan  was determined by weighing each piges well as standard
upstream beam stop. This comparison revealed a small inteneference masseswith both an electronic balance and a
sity dependencénonlinearity to both the NTER1 and NTFC triple-beam balance. Results from the two balances agreed at
outputs. Over a range of beam currents from 30 nA to 25@he 0.5% level. Uniformity of target thickness was checked
nA, the NTER1 output decreased by 3.3%. Over the samwith a micrometer by measuring at the center of each target
range, the NTFC output increased by 4.1%. Correction foand at several points around the edge. Each target was uni-
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TABLE 1. Total cross sectiongmb) for proton induced reac- 10 — T
tions on aluminum. The error bars represent an overall systematic 3 .
uncertainty of 3.5%. F % % 1

i 27A1(p,x)" Be % ]

Reaction 495 MeV 795 MeV . r é ]
27Al(p,x)'Be 3.6:0.1 5.3-0.2 L j 1
27Al( p,3p3n)%°Na 14.3:0.5 13.2:0.5 - # 1
Z7Al( p,3pn)?“Na 10.30.4 10.6:0.4 " o 1
0 1 |;|||||IE 1ol Lt

form to within the resolution of the micrometé.025 mn). - +0 F %' T T
Measured target densities agree with standard reference val- € C ”7 I~ ]
ues to better than 1%. - 30 F i Al(p.3p3n)**No ]

Isotopic purity and surface contamination of the lithium 5
targets was checked by examining time-of-flighOF) spec- 5 20 | %% 7
tra obtained during each irradiation. The standard NTOF de- a C %@ @.@5 ] §
tector array[2], positioned at a flight path of 170 m, was o 10 F Ty 3
used for these measurements. The TOF spectra revealed no g o

detectable contributions fronp(n) reactions on’C, **N, or 0 T T
180 (the most likely contaminants after storage in mineral oil 15 — T T

and exposure to gir Furthermore, the relative intensity of
the SLi(p,n) and “Li(p,n) peaks observed in the single-
TRTETT
i (] 5
b B g
@ 27A1(p,3pn)?*Na

layer lithium data is consistent with the assay isotopic frac- 10
tion to better than 1%. N&Li contribution was observed in
the data from the stacked lithium targets.
The number of’Be atoms produced in the irradiations 5
was determined by counting the 478-keV gamma rays fol-
lowing the (10.45:0.04)% [6] electron-capture decay
branch of ‘Be. The aluminum targets were also monitored 0 el el i
for 1369-keV gamma rays from the decay¥Na produced 100 1000 10000
by the 2’Al( p,3pn)?*Na reaction, and for 1274-keV gamma E, (MeV)
rays from the decay of ?2Na produced by the
2’Al( p,3p3n)#Na reaction. All targets were counted in aset  FIG. 1. Total cross sections for production e (top), 2Na
of standard geometries with HPGe detectors. The HPGe demiddle), and ?*Na (bottom). Results from the present experiment
tector efficiencies were determined from calibrated referencare represented as solid circles. The open boxes represent a selec-
sources and were corrected for target thickness and spot siz@n of previous measuremeritd—14].
Each target was counted between four and eight times over a
period of about ten days. Statistical uncertainties in the re- The ’Li(p,n)’Be results are presented in Table II, where
sultant gamma-ray activities are0.5% for the aluminum the error bars represent an estimated 3.5% systematic uncer-
targets and<1.5% for the lithium targets. tainty. The known primary contributions to this systematic
Aluminum cross sections are obtained from an un-uncertainty are target thickne€k), beam integratiori3%),
weighted average of the results for the two middle targets a&nd gamma-detector efficien¢¥.5%. Results from the 18
each energy. An unweighted average is used because relatita&gets in the three-layer stacks are internally consistent to
systematic uncertaintiggarget thickness, beam integratjon better than 2.5%maximum deviation from the mean for
are larger than the statistical uncertainties. The aluminungach transition Results from the aluminum targets all agree
results are presented in Table | and are plotted with a selec- )
tion of previous measuremer{té—14] in Fig. 1. , _TABL7E II. Total cross ~ sections. (mb) for the
Values for the7Li( p,n)7Be cross section are obtained 'Li(p.n) Be(g.s+0.43-MeV) reaction. The_flrst two lines corre-
from the upstreamy) and single §) targets only, to avoid spond to results from the upstreatd)(and single §) targets. The

corrections for backward contamination from aluminum, "Xt tWo lines are extrapolations based on previous daa¢80

Such contamination is evident in the data from the down-€Y): o1(l0g) is from power-law fit Iin Table lll,o1(lg) is the

. . constant-, fit from Ref. [2]. The last line is the ratigsr™!) of
stream target$adjacent to the three-layer aluminum stack -, q . :
) . 0° lab cross section to total cross section from .
where normalized Be yields at 495 MeV and 795 MeV are Ref
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13% and 22% larger, respectively, than the yields from the 495 MeV 795 MeV
upstream targets. This enhancement is consistent with Monte

Carlo estimates based on the energy and angle distributions:(U) 1.06+0.04 0.72-0.02
for 'Be fragment production in silvg#]. Results from the  o+(9) 0.97+0.03 0.66-0.02
middle and upstream lithium targets differ by less than 2% atr(log) 1.03-0.03 0.63-0.02
each energy, but we rule out use of the middle-target data as(l,) 1.05+0.02 0.62:0.01
well because of similar concerns about contaminat@sti-  ¢,,(0°)/o 38.5+1.1 68.9+2.0

mated to be<3%).
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FIG. 2. Total Cross section for the FIG. 3. The momentum-transfer integigl extracted from acti-

vation total cross sections. The labeled lines correspond to one-
sigma error bands for fits I-11l in Table Ill. The new data points are
represented as solid circles, previous data are open boxes.

Li(p,n)"Be(g.s+0.43-Me\) reaction as a function of bombarding
energy. The solid line corresponds to power-law fit | in Table IlI.

at this level before making recoil corrections. Similar consis- | . , .

tency is observed for the stacked lithium targets, after estitiS quantity should reflect changes in the strength of the
mating corrections for backscatter contamination in theffective interaction and distortion effedtsg].

downstream targets. Unfortunately, cross sections obtained, The new lotal cross-section data are in good agreement
from the two single lithium targets are about 10% lower thanW"[h previous measurements near 500 MeV, but at 795 MeV
the values obtained from the stacked targets. While thig'® clearly larger than extrapolations from the old data. The
strongly suggests an unrecognized systematic error of sonfierage of the new data points at 795 MeV is about 11%
sort, we can find no basis to reject these data. We presef'9e" than the constan{- extrapolation and about 15%
these results separately, however, because of this anoma g_rger than the previous power-law fit. Three power-law fits
Note that the lithium targets from the three-layer stacks shar8'€ Presented in Fig. 3, where the lines represent one-sigma
a common beam normalization factor with the aluminum tar-£170r bands for each fit. The dashed lirigsl) spanning the
gets. The?’Al( p,3pn)2*Na cross section derived from these Width of the graph represent the fit to previous data only
targets agrees with the independent measurement of Cu 25—-480 Mey. The solid I|nes(f|t Il) spanning the width of
ming, Agoritsas, and Witkover (10.840.24 mb at 0.81 the graph represent a.f|t that mclugies the new data rep_orted
GeV) [7] to within 3%. here(25-800 MeV. This fit overestimates the cross section

in the 100-500 MeV region. The solid lin€fit Il ) between
80 and 1000 MeV represent a limited-energy fit including the
new data. This fit better represents the trend of the data
above 100 MeV. Parameters of these fits are listed in Table
lll. The two fits that include the new datdl and Ill) yield
estimated values at 795 MeV that are 8—11 % higher than the
previous extrapolatioffit I).
with parameters obtained fropreviousdata(25-480 MeVf The larger cross section at 795 MeV will force a readjust-
[3]. The total cross section can also be written in a form thaient of experimental normalizations only if the increase is
makes explicit the main source of energy dependence:  due solely to p,n) reaction strength. One other potential
contributor to this increase could be alternate reaction chan-
2 nels such as’Li(p,p’ 7 )’Be or Li(p,n7°’Be, which
"tot:mhw ) have been assumed to contribute negligibly because of the

Figure 2 shows the neiLi activation cross sections plot-
ted with previous lower-energy dafd,3,15,16. The solid
line in this figure represents a power-law fit of the form

Otot™ eaEB : 1)

TABLE Ill. Parameters for power-law fits to thé.i( p,n)’Be

wherek; andk; are the initial and final wave numbers in the . b
total cross sectiowr,=€°Ep .

center-of-mass frame arlg is the dimensionless integral of
the differential cross section distribution over the allowed
range of momentum transfg2,16]. Values for the momen-

Energy range

tum integrall; are plotted in Fig. 3. It was previously noted Fit (MeV) a b

[2] that in the energy range from 80 to 480 MeV the data are 25-480 7.02%+0.051 —1.127+0.013
consistent with a constant vallig=0.345-0.008. It is clear | 25-795 6.919-0.030 —1.100+ 0.006
from Fig. 3 that over the wider energy range from 25 to 795y 80—795 6.477-0.123 —1.030+0.020

MeV, this integral is not constant. The energy dependence of
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large momentum transfer involved. However, the cross sedhe increas€80 + 30 ub) observed here. Clearly, a realistic
tions for freenp—pp’ 7~ andnp—pn=° are about 2 mb calculation is required to settle this important point. Alter-
and 6.5 mb, respectively, at 800 Mg¢¥7]. These free cross nately, an independent normalization of the 0° cross section
sections are up to an order of magnitude larger than th@ould yield an unambiguous measure of the CPP cross sec-
“Li(p,n) total cross section, so even with large momentum-jon. If contributions from pion production prove to be sig-
transfer |nh|b|t|0n, substantial contributions f@e prOdUC' niﬁcant, then normalization Strategies that emprm_y( p7n)

tion may still occur. The §g,p7~) and (,nm°) pion-  for energies far above pion threshold will have to be recon-
production channels are isospin analogs of tigeng™) sidered.

coherent-pion-productiofCPP mechanism described by

Udagawaet al.[18]. A crude estimate based on their calcu-  This work was supported by the U.S. Department of En-

lations of CPP for?C(p,n") appears to be consistent with €rgy.
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