
PHYSICAL REVIEW C MARCH 1997VOLUME 55, NUMBER 3
Total cross sections for production of 7Be, 22Na, and 24Na in p17Li and p127Al reactions
at 495 and 795 MeV
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~Received 11 September 1996; revised manuscript received 19 November 1996!

Activation techniques have been used to measure the total cross section for the production of7Be, 22Na, and
24Na in proton induced reactions on7Li and 27Al targets at bombarding energies of 495 MeV and 795 MeV.
The cross section for the7Li( p,n)7Be~g.s.10.43-MeV! reaction at 795 MeV is about 11–15 % larger than
extrapolations based on previous data below 480 MeV.@S0556-2813~97!03403-1#

PACS number~s!: 25.40.Ep, 25.40.Sc
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The 7Li( p,n) reaction leading to the ground state and fi
excited state~0.43 MeV! in 7Be is a convenient reaction t
employ for normalization purposes. Because there are
particle-emission stable states above the first excited s
the total cross section for this reaction can be measured
counting residual7Be nuclei. The total cross section can al
be obtained, to within an overall normalization factor,
integrating the differential-cross-section angular distribut
for the ~g.s.1 0.43-MeV! transition. Comparison of the two
results gives the proper normalization factor for t
differential-cross-section distribution@1#.

Differential-cross-section distributions have been m
sured for energies up to 795 MeV@2#. Until the present ex-
periment, however, total cross sections obtained from act
tion measurements existed only for energies up to 480 M
@3#. Normalization of higher-energy differential cross se
tions has therefore been dependent upon an extrapolatio
the activation total cross sections for energies above
MeV @2#. We report here new7Li( p,n)7Be activation mea-
surements that extend the range of the total cross section
up to 795 MeV. Aluminum targets were also irradiated und
the same conditions as the lithium targets to provide a ch
on the normalization of the data. The cross sections for p
duction of 7Be, 22Na, and 24Na in the aluminum are also
reported.

The experiment was performed at the Clinton P. And
son Meson Physics Facility~LAMPF! in Los Alamos. Tar-
gets were irradiated in the target chamber of the Neut
Time-of-flight ~NTOF! facility. The beam current was mon
tored by scaling the output from a secondary emission m
tor ~designated NTER1! 10 m upstream from the target, an
by integrating the charge collected in an insulated grap
beam stop~NTFC! 7 m downstream from the target. NTER
was continuously in the beam during all irradiations. T
normalization of the NTER1 and NTFC currents w
checked by comparison to a calibrated toroid~LXCM3! in an
upstream beam stop. This comparison revealed a small in
sity dependence~nonlinearity! to both the NTER1 and NTFC
outputs. Over a range of beam currents from 30 nA to 2
nA, the NTER1 output decreased by 3.3%. Over the sa
range, the NTFC output increased by 4.1%. Correction
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this intensity dependence has been made in the analys
the data. Beam intensity for the 495-MeV irradiations was
the range from 27 to 32 nA. Beam intensity for the 795-Me
irradiations was in the range from 50 to 200 nA.

Three target assemblies were irradiated at each beam
ergy. The first assembly consisted of three layers of rol
lithium metal ~99.9% 7Li, 1 mm, 2.7 mm, and 1 mm thick!
followed downstream by three aluminum plates~1100-H14
alloy,.99% Al, each 1.63 mm thick!. The second assembl
consisted of a single layer of rolled lithium metal~96.5%
7Li, 2 mm thick!. The third assembly consisted of three al
minum plates~each 1.63 mm thick!. The areal dimensions o
each target piece were 3.8 cm3 4.8 cm. The beam spot siz
was about 2.5 cm~full width! at 495 MeV and about 1.0 cm
~full width! at 795 MeV. Beam positioning was guided b
insertable wire scanners approximately 30 cm upstream
downstream from the target position, and by a phosphor
the target ladder. The beam was centered to an accurac
better than 1 mm.

The thickness of the aluminum plates in the three-la
stacks was chosen to be sufficiently large to stop high-ene
7Be fragments. In the middle target, forward and backw
losses are therefore compensated by gains from the upst
and downstream targets. Detailed measurements of7Be pro-
duction for protons incident on silver at 480 MeV@4#
showed a peak fragment energy of about 30 MeV. At ba
ward angles, contributions from fragments as high as 1
MeV are down by 5 orders of magnitude. The energy dis
bution for 7Be fragments from aluminum peaks at low
energies~e.g., see@5#!, therefore use of the silver distribu
tions provides a conservative estimate of the necessary ta
thickness. The aluminum targets used here will stop 1
MeV 7Be fragments.

Target thickness~areal density! was determined by divid-
ing the measured mass by the measured area. Target
was determined by weighing each piece~as well as standard
reference masses! with both an electronic balance and
triple-beam balance. Results from the two balances agree
the 0.5% level. Uniformity of target thickness was check
with a micrometer by measuring at the center of each ta
and at several points around the edge. Each target was
1551 © 1997 The American Physical Society
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1552 55BRIEF REPORTS
form to within the resolution of the micrometer~0.025 mm!.
Measured target densities agree with standard reference
ues to better than 1%.

Isotopic purity and surface contamination of the lithiu
targets was checked by examining time-of-flight~TOF! spec-
tra obtained during each irradiation. The standard NTOF
tector array@2#, positioned at a flight path of 170 m, wa
used for these measurements. The TOF spectra reveale
detectable contributions from (p,n) reactions on12C, 14N, or
16O ~the most likely contaminants after storage in mineral
and exposure to air!. Furthermore, the relative intensity o
the 6Li( p,n) and 7Li( p,n) peaks observed in the single
layer lithium data is consistent with the assay isotopic fr
tion to better than 1%. No6Li contribution was observed in
the data from the stacked lithium targets.

The number of7Be atoms produced in the irradiation
was determined by counting the 478-keV gamma rays
lowing the (10.4560.04)% @6# electron-capture deca
branch of 7Be. The aluminum targets were also monitor
for 1369-keV gamma rays from the decay of24Na produced
by the 27Al( p,3pn)24Na reaction, and for 1274-keV gamm
rays from the decay of 22Na produced by the
27Al( p,3p3n)22Na reaction. All targets were counted in a s
of standard geometries with HPGe detectors. The HPGe
tector efficiencies were determined from calibrated refere
sources and were corrected for target thickness and spot
Each target was counted between four and eight times ov
period of about ten days. Statistical uncertainties in the
sultant gamma-ray activities are,0.5% for the aluminum
targets and,1.5% for the lithium targets.

Aluminum cross sections are obtained from an u
weighted average of the results for the two middle target
each energy. An unweighted average is used because re
systematic uncertainties~target thickness, beam integratio!
are larger than the statistical uncertainties. The alumin
results are presented in Table I and are plotted with a se
tion of previous measurements@7–14# in Fig. 1.

Values for the 7Li( p,n)7Be cross section are obtaine
from the upstream (U) and single (S) targets only, to avoid
corrections for backward contamination from aluminu
Such contamination is evident in the data from the dow
stream targets~adjacent to the three-layer aluminum stac!,
where normalized7Be yields at 495 MeV and 795 MeV ar
13% and 22% larger, respectively, than the yields from
upstream targets. This enhancement is consistent with M
Carlo estimates based on the energy and angle distribu
for 7Be fragment production in silver@4#. Results from the
middle and upstream lithium targets differ by less than 2%
each energy, but we rule out use of the middle-target dat
well because of similar concerns about contamination~esti-
mated to be,3%).

TABLE I. Total cross sections~mb! for proton induced reac-
tions on aluminum. The error bars represent an overall system
uncertainty of 3.5%.

Reaction 495 MeV 795 MeV

27Al( p,x)7Be 3.660.1 5.360.2
27Al( p,3p3n)22Na 14.360.5 13.260.5
27Al( p,3pn)24Na 10.360.4 10.660.4
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The 7Li( p,n)7Be results are presented in Table II, whe
the error bars represent an estimated 3.5% systematic un
tainty. The known primary contributions to this systema
uncertainty are target thickness~1%!, beam integration~3%!,
and gamma-detector efficiency~1.5%!. Results from the 18
targets in the three-layer stacks are internally consisten
better than 2.5%~maximum deviation from the mean fo
each transition!. Results from the aluminum targets all agr

tic

FIG. 1. Total cross sections for production of7Be ~top!, 22Na
~middle!, and 24Na ~bottom!. Results from the present experime
are represented as solid circles. The open boxes represent a
tion of previous measurements@7–14#.

TABLE II. Total cross sections ~mb! for the
7Li( p,n)7Be~g.s.10.43-MeV! reaction. The first two lines corre
spond to results from the upstream (U) and single (S) targets. The
next two lines are extrapolations based on previous data (Ep,480
MeV!: sT(log) is from power-law fit I in Table III,sT(I q) is the
constant-I q fit from Ref. @2#. The last line is the ratio~sr21) of
0° lab cross section to total cross section from Ref.@2#.

495 MeV 795 MeV

sT(U) 1.0660.04 0.7260.02
sT(S) 0.9760.03 0.6660.02
sT(log) 1.0360.03 0.6060.02
sT(I q) 1.0560.02 0.6260.01
s lab(0°)/sT 38.561.1 68.962.0
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55 1553BRIEF REPORTS
at this level before making recoil corrections. Similar cons
tency is observed for the stacked lithium targets, after e
mating corrections for backscatter contamination in
downstream targets. Unfortunately, cross sections obta
from the two single lithium targets are about 10% lower th
the values obtained from the stacked targets. While
strongly suggests an unrecognized systematic error of s
sort, we can find no basis to reject these data. We pre
these results separately, however, because of this anom
Note that the lithium targets from the three-layer stacks sh
a common beam normalization factor with the aluminum t
gets. The27Al( p,3pn)24Na cross section derived from thes
targets agrees with the independent measurement of C
ming, Agoritsas, and Witkover (10.9460.24 mb at 0.81
GeV! @7# to within 3%.

Figure 2 shows the new7Li activation cross sections plot
ted with previous lower-energy data@1,3,15,16#. The solid
line in this figure represents a power-law fit of the form

s tot5eaEp
b , ~1!

with parameters obtained frompreviousdata~25–480 MeV!
@3#. The total cross section can also be written in a form t
makes explicit the main source of energy dependence:

s tot5
2p

kikf
I q , ~2!

whereki andkf are the initial and final wave numbers in th
center-of-mass frame andI q is the dimensionless integral o
the differential cross section distribution over the allow
range of momentum transfer@2,16#. Values for the momen-
tum integralI q are plotted in Fig. 3. It was previously note
@2# that in the energy range from 80 to 480 MeV the data
consistent with a constant valueI q50.34560.008. It is clear
from Fig. 3 that over the wider energy range from 25 to 7
MeV, this integral is not constant. The energy dependenc

FIG. 2. Total cross section for th
7Li( p,n)7Be~g.s.10.43-MeV! reaction as a function of bombardin
energy. The solid line corresponds to power-law fit I in Table II
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this quantity should reflect changes in the strength of
effective interaction and distortion effects@16#.

The new total cross-section data are in good agreem
with previous measurements near 500 MeV, but at 795 M
are clearly larger than extrapolations from the old data. T
average of the new data points at 795 MeV is about 1
larger than the constant-I q extrapolation and about 15%
larger than the previous power-law fit. Three power-law fi
are presented in Fig. 3, where the lines represent one-si
error bands for each fit. The dashed lines~fit I ! spanning the
width of the graph represent the fit to previous data o
~25–480 MeV!. The solid lines~fit II ! spanning the width of
the graph represent a fit that includes the new data repo
here~25–800 MeV!. This fit overestimates the cross sectio
in the 100–500 MeV region. The solid lines~fit III ! between
80 and 1000 MeV represent a limited-energy fit including t
new data. This fit better represents the trend of the d
above 100 MeV. Parameters of these fits are listed in Ta
III. The two fits that include the new data~II and III! yield
estimated values at 795 MeV that are 8–11 % higher than
previous extrapolation~fit I !.

The larger cross section at 795 MeV will force a readju
ment of experimental normalizations only if the increase
due solely to (p,n) reaction strength. One other potenti
contributor to this increase could be alternate reaction ch
nels such as7Li( p,p8p2)7Be or 7Li( p,np0)7Be, which
have been assumed to contribute negligibly because of

FIG. 3. The momentum-transfer integralI q extracted from acti-
vation total cross sections. The labeled lines correspond to o
sigma error bands for fits I–III in Table III. The new data points a
represented as solid circles, previous data are open boxes.

TABLE III. Parameters for power-law fits to the7Li( p,n)7Be
total cross sections tot5eaEp

b .

Energy range
Fit ~MeV! a b

I 25–480 7.02160.051 21.12760.013
II 25–795 6.91960.030 21.10060.006
III 80–795 6.47760.123 21.03060.020
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1554 55BRIEF REPORTS
large momentum transfer involved. However, the cross s
tions for freenp→pp8p2 andnp→pnp0 are about 2 mb
and 6.5 mb, respectively, at 800 MeV@17#. These free cross
sections are up to an order of magnitude larger than
7Li( p,n) total cross section, so even with large momentu
transfer inhibition, substantial contributions to7Be produc-
tion may still occur. The (p,pp2) and (p,np0) pion-
production channels are isospin analogs of the (p,np1)
coherent-pion-production~CPP! mechanism described b
Udagawaet al. @18#. A crude estimate based on their calc
lations of CPP for12C(p,np1) appears to be consistent wit
nd
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the increase~806 30mb! observed here. Clearly, a realist
calculation is required to settle this important point. Alte
nately, an independent normalization of the 0° cross sec
would yield an unambiguous measure of the CPP cross
tion. If contributions from pion production prove to be sig
nificant, then normalization strategies that employ7Li( p,n)
for energies far above pion threshold will have to be rec
sidered.
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