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Systematics of 0' neutron production by 800 Mev protons on targets with 27 & A & 238*
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The 0' neutron spectra resulting from 800 MeV proton bombardment of targets of Al, Ti, Cu, W, Pb,
and U have been measured for neutron momenta above 500 MeV/c. Integrated cross sections for the
quasielastic charge exchange peaks and the broad pion associated peaks at lower momenta show a
remarkably smooth dependence on atomic mass of the target, varying as A "' and A '", respectively.

NUCLEAR REACTIONS A1, Ti, Cu, W, Pb, U(p, n), E=800 MeV; measured
cr (O'; P„);deduced A dependence of charge exchange and pion associated cross

sections.

I. INTRODUCTION

We report here absolute measurements of the 0'
neutron spectra produced by 800 MeV proton col-
lisions with targets of Al, Ti, Cu, W, Pb, and U.
The resolution attained in the measurement of the
neutron momentum is considerably better than has
been possible in previous experiments at medium
energy. In previous publications we have reported
0' neutron spectrum measuremerts from targets
of H (Ref. 1), 'H (Ref. 2), eLi and 'Li (Ref. 3), and
Be, C, and A1.4 The present work extends those
measurements to heavier targets, thus allowing
a study of the systematics of 0' neutron production
at 800 MeV.

Previous experiments covering the mass region
here have either been at energies below 150 MeV
(Refs. 6 and 6) or at angles far from 0' (Ref. 7)
with the exception of a recent 0' measurement'
on Cu at 724 MeV. This measurement suffered
from poor energy resolution and statistical uncer-
tainties which severely limits the value of the data.

In our previous studies' ' with low mass targets,
we have found that the 0' neutron spectrum from
all targets (with the exception of hydrogen) is char-
acterized by a strong narrow peak at an energy
very close to that of the incident proton beam.
This peak is due to a quasielastic charge exchange
(CEX) reaction involving the incident proton and
one of the neutrons of the nucleus. On the low
side of the peak, particularly for C and Al, a
shoulder is observed at a momentum correspond-
ing to excitation in the residual nuclei of about 30
MeV and is attributed to a collective effect —pos-
sibly the analog of a giant dipole excitation as has

often been reported at lower incident energies.
About 100 MeV below the peak, a valley is ob-
served followed by a broad [-300 MeV/c full width
at half maximum (FWHM)] intense peak centered
around 1060 MeV/c. This peak we attribute to
neutrons associated with quasifree pion production
viathe reactions p"n"-npm', p"n"-nn7t', and p"p"-npm', where "n"or "p" indicates anucleonwithin
the nucleus. The dependence of the integral of the
cross section for the CEX and pion regions of the
spectra on mass of the target nuclei was found to
be erratic and not particularly well defined for the
low mass (A ~ 27) targets, probably. because of the
strong influence of the few available final states in
these light target reactions.

Considerable effort has been expended on intra-
nuclear cascade calculations for the prediction of
reaction products from proton collisions with nu-
clei.'" Previously, we compared. the Al(P, n)
spectrum' at 647 MeV to the prediction of the
Brookhaven intranuclear cascade code ISOBAR.
Reasonably good agreement was found near the
peak of the pion production region around 900 MeV/
c; poor agreement was found both at lower and
higher momenta. Further comyarisons between
experiment and the predictions of the code have
not been made, but it does appear desirable to
modify the theoretical formulation to allow better
overall agreement between theory and experiment.

II. EXPERIMENTAL APPARATUS AND METHODS

The experimental arrangement is the same as that
used in our previously reported measurements. '~
The solid targets were mounted on a remotely
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FIG. 1. Plan view of the experimental setup used for the present measurements. The targets were mounted at the
location indicated by LD2 in the figure.

rotateble target wheel which was used to position
any one of the targets in the 800-MeV proton beam
from the Clinton P. Anderson Meson Physics Facil-
ity (LAMPF). A plan view of the experimental
setup is shown in Fig. 1. After passing through the
target, the proton beam is deflected through 60'
and transported to a heavily shielded beam dump
several meters away. Neutrons emerging at 0'
were collimated to a cone of half angle 0.1' and
after passing through the clearing magnet M1 en-
countered a liquid hydrogen radiator of thickness
0.93 g/cm' placed upstream of a multiwire propor-
tional chamber (MWPC) spectrometer.

The basic technique used to deduce the momen-
tum spectrum of the neutrons is to measure the
spectrum of protons elastically scattered near 0'
into the acceptance of the spectrometer, then to
take into account the cross section for this pro-
cess as a function of incident neutron momentum.
Corrections and complications which arise in using
this technique are as follows: (1) inelastic pro-
cesses in the radiator leading to a proton in the
final state, primarily pion associated protons from
the reactions np -Pnvo and np -ppw; (2) processes
leading to other charged particles in the final
state, arising from reactions such as np-dm' and
np-dp; (3) events originating in material other
than the LH, target (i.e. , the target flask and vac-
uum jacket as well as the scintillator S1 placed in
the neutron beam); (4) knowledge of the np scatter-
ing cross section as a function of momentum and
angle.

Before discussing the points mentioned above,
we first describe the MVfPC spectrometer used to

measure the proton momentum spectrum. The
spectrometer consists of a large dipole magnet,
(M2), four horizontal-vertical (Y-X) pairs of
MWPC's (Wl-W4) and two thin scintillators (Sl,
S2). The scintillators were positioned just before
S'1. and just after 5"4, respectively. An event is
accepted for pxocessing when signels from the two
scintillators and at least three out of four of both
the X and Y chambers are in coincidence. Data
recorded for each event include: (1) the time of
flight of the particle over the 4.9-m distance be-
tween Sl and S2, (2) the ti.me of the event with re-
spect to the 5-nsee microstructure of the proton
beam, (3) pulse heights in both Sl and S2, and (4)
addresses of active wires in each of the chambers
which participated in the event. The wire address-
es enable a determination of the charged particle.
trajectory before and after deflection in the mag-
net. Since the magnetic field is well known, the
path of the particle through the spectrometer can
be reconstructed and its momentum deduced, even
in the absence of one X and one F plane. The re-
solution of the momentum determination is about
1% ~WHM.

The geometric acceptance of the spectrometer
is limited vertically by the magnet pole pieces and
horizontally by the edges of S"3 and 8'4. For a
given magnet current there is a safe region in mo-
mentum and in the coordinate space of polar and
azimuthal angles e and p in whi, ch the particle tra-
jectory is certain to intersect the active region of
each chamber and in addition to avoid striking the
magnet poles. The vertical limits on the accept-
ance were determined to be sin8sing ~ 0.02. The
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FIG. 2. Acceptance region of the spectrometer. The
solid line encloses the region of left (8&) and right (Oz)
scattered particles as a function of momentum (normal-
ized to field strength) which are certain to pass through
the active volume of the four MWPC's in the spectro-
meter. The dashed lines show the further restriction
imposed on the data reported here to enable direct
comparison of overlapping momentum regions taken at
different magnet currents.

range of 6) from 0 to some value 8,„was complete-
ly within the acceptance region on either the left
or right side of the spectrometer. By choosing
8,„to be 0.04 rad we see that the range of P/
J~dl is 3.91 to 6.65. The actual acceptance
region utilized for the measurements reported
here is shown by the dashed lines in Fig. 2. For
the final spectra at each magnet current setting,
the acceptance is effectively "squared up" by ap-
plying a weight of 2 to those events at a given point
in the acceptance region (p, 8~&») if the reflected
point (p, 8„&,&) lies outside the acceptance region
and a weight of 1 otherwise. This procedure allows
direct comparison of the overlapping momentum
regions for data taken at different magnet currents
as well as simplifying considerably the subsequent
correction made necessary by the np cross section
variation. The acceptance region spans a wide
momentum range (AP/P =0.52) for a given cur-
rent. .

The measurement of the time of flight of the par-
ticle through the spectrometer in conjunction with
momentum allows direct calculation of particle
mass by the relation M=P/pZ. A typical mass
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actual limits on 8 for left (8z) and right (8s) scat-
tered particles are dependent on the momentum of
the particle for a given current in the spectromet-
er magnet. These limits, determined from exam-
ination of plots of 6) versus momentum for those
particles striking the edge wires of 8'3 and W4,
are indicated by the solid lines in Fig. 2. Parti&les
falling within the enclosed acceptance region and
satisfying the vertical limits mentioned above are
certain to pass through the safe region of the spec-
trometer.

The measurement of the complete momentum
spectrum from 500 to 1500 MeV/c requires the use
of several different magnet currents. In order to
be able to check for consistency in the measure-
ment of the spectrum, these currents were chosen
to provide some overlap in the momentum ranges
covered by the different currents. If the full ac-
ceptance of Fig. 2 is utilized, however, a direct
comparison cannot be made since at different cur-
rents particles of the same momentum are detected
over quite different angular ranges. In order to avoid
the necessity ofknowing in detail the angular distri-
bution of np elastic scattering as a function of momen-
tumbefore this simple consistency check can be
made, a further restriction is applied to the accep-
tance region in Fig. 2. For a given magnet current
only that range of momentum is utilized over which a

l03—

0

& l02
M

z
O
C3

II

I II I, & HII & ~

"i

ip
II

I I I
.- i -- I I I i I

400 800 l200 l600 2000 2400
PARTICLE MASS ( MeV)

FIG. 3. Mass spectrum of particles detected in the
spectrometer for a particular magnet current. The
mass associated with each event is calculated from the
measured momentum and time of flight through the
spectrometer according to the usual relation M =P/Py.
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spectrum is shown in Fig. 3 for a high setting of
the rhagnet current, where the mass resolution is
vrorst. The separation between proton and deut-
erons is adequate to provide unambiguous identi-
fication of particle type. At lower current settings
pions and positrons are observed but again are
well separated from the protons in the mass spec-
tra.

A fraction of the protons at lower momentum
arise from inelastic np interactions in the target
volume, predominately tPe two reactions ~p-pnm'
and np -ppm . Since only the proton is detected
in this experiment, it cannot be determined direct-
ly whether the proton is produced from an elastic
or inelastic interaction. In order to correct for
this inelastic background, a small a,mount of data
was taken using the chopped mode of operation at
LAMPF. The microstructure of the LAMPF beam
has a 5-nsec period, but this mode suppresses
seven out of each eight micropulses and allows a
useful measurement of the incident neutron time
of flight to be made. By correlating the measured
proton momentum with this time of flight, the in-
elastic events are well sepa, rated from the elastic
ones of interest. Since chopped beam data were
accumulated only with the Al target for a small
fraction of the total data, a general prescription
was devised to apply a correction factor to the
remainder. From the measured time of flight the
momentum of the incident neutron was calculated
and the chopped data were then sorted into 150-
MeV/c-wide bins extending downwards from 1500
to 750 MeV/c (below pion production threshold).
The proton momentum spectrum associated with .
ea.ch incident neutron momentum bin was then his-
togrammed, thus giving the relative inelastic con-
tribution. for all proton momenta. These inelastic
spectra were then subtracted sequentially, with
appropriate normalizations, beginning with the
inelastic proton spectrum associated with the high-
est neutron momentum bin. The correction is de-
pendent both on the spectral shape and momentum
and ranges from 0 at the highest momenta to typ-
ically 15 to 25% at the lowest proton momenta.
The correction for the Al spectrum is shown in
Fig. 4. The upper curve shows the final neutron
spectrum and the lower curve gives the amount
that was subtracted to account for the inelastic
reactions in the radiator.

Interactions of the neutron beam in the target
flask and vacuum jacket (0.51 mm Mylar) as well
as the scintillator 81 (1.6 mm) represent sources
of background protons in the measured spectra.
About 25/o of the data for each production target
and magnet current were taken with the flask emp-
tied of liquid hydrogen and these data were nor-
malized and subtracted from the corresponding
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FIG. 4. 0' neutron spectrum arising from 800-MeV
proton bombardment of an aluminum target. The dashed
curve gives the amount that was subtxacted in order to
account for inelastic reactions in the liquid hydrogen
radiator (see text).

Sg„,(P„)=2
Oo 04 do CEX

e(e) (e,P„) sine de,

with

c(8) =1 for 8~0.02

2 . , 0.02
&(8) = —sin ' ' for 8&0.02.

n 6

Thus we require the ep differential cross section

run taken with radiator full. The amount of back-
ground subtra, cted varied with target and momen-
tum but was typically 3-6%.

Conversion of a recoil proton spectrum to a neu-
tron spectrum is accomplished by using the follow-
ing relationships. The number of protons detected
in each momentum bin is given by Y (P )

=I„(P„)n„do„(P„),where Z„(P„) is the number of
incident neutrons in the momentum bin centered
at P„giving rise to protons in the bin centered at
P~, n„ is the number of protons/cm' in the LH,
radiator, and &v„~(P„) is the integral over the
solid angle subtended by the spectrometer accept-
ance of the np charge exchange differential cross
section at neutron momentum I'„. The quantity
ho„,(P„) is defined as follows,

0, 04 d~CEX
Acr„(P„)= — (8,P„)sinedgde,

0

where (dec«/dQ)(8, P„) is the np charge exchange
differential cross section at proton angle 6 and
neutron momentum P„. The integration over P
is subject to the constraint that sine sing ~ 0.02,
which leads to the integral
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TABLE I. Targets and thicknesses used for the pre-
s ent measurements.

Target Thickness (g/cm )

Al
Tl
Cu
W
Pb
U

2.74
2.40
1.34
1,43
1.84
1.78

I is the proton current that passect through the
production target,
nr is the number of production target atoms/cm'
in the beam,
~„is the solid angle defined by the neutron colli-
mator, and
AP„ is the neutron momentum bin width.

The number of protons passing through thy target
is determined by integrating the current induced

for 8=0 to 0.04 and P„=500 to 1450 MeV/c. In
previous publications of this group, ' ' we have tak-
en the few reported measurements over this range
and made a straight line fit to the Ao„~(P„) calcul-
ated from selected measurements. Recently,
however, we reported" measurements of the np
differential cross section from 800 to 1450 MeV/c
in steps of 30 MeV/c. Using the result of those
measurements and certain lower energy measure-
ments, we find that the 4c„(P„)used in Refs. 1-4
is in agreement with our more recent results to
within 5% and therefore, we use the same pre-
scription for &o„~ (adjusted for the larger solid
angle used in the present measurements),

Ao„,(P„)=-2.173x 10 'P„+0.173 mb.

In order to convert the neutron intensity distribu-
tion I„(P„)into a cross section d'c/dQ„dP„ for
neutron production, we use the following formula:

d'c f„(P„)
dQ „dI'„1nzhQ„AI'„'

where

in a toroid" through which the proton beam passes
just upstream of the production target. Calibra-
tion of this device is accomplished electronically "

and also by comparison with radioactivity induced
in an Al foil. The absolute error associated with
the calibration is estimated to be +10%, but for a
short time period (-8 h) such as the one when the
present data were taken, the relative error assoc-
iated with the integration system is estimated to
be +4%.

The neutron collimator solid angle is calculated
geometrically and corrected for the semitrans-
parency of the edges to neutrons. This correc-
tion is calculated to be only 3%.

Both the thickness and density of each target are
measured. In each case the measured density
agrees with the tabulated density of the elements
to within 2/o. The thicknesses of the targets used
in the present experiment are given in Table I.

The various sources of error and the estimate
of each are given in Table II. The two columns
refer to absolute normalization error and to the
relative error in comparing spectra from two
different targets. Adding the individual errors in
quadrature, the absolute normalization error is
estimated to be +13% and the relative error be-
tween spectra is *4.5%.

III. RESULTS AND DISCUSSION

The 0' neutron spectra resulting 4 om 800-MeV
proton bombardment of the six targets used in the
present experiment are shown in Fig. 5. The in-
dicated errors are those due to statistics only.
The similarity in shape of these spectra to those
reported previously' ' is rather striking. All are
characterized by a narrow peak at a momentum
near that of the proton beam and at lower momen-
ta a broad peak centered around 1080 MeV/c. The
upper peak is due to quasielastic charge exchange
(CEX) in the nucleus: p"n" -np. The lower peak
is about 300 MeV/c wide and is thought to be due
to quasifree pion production: p"n" -num. Again,
a noticeable shoulder is observed on the low mo-
mentum side of the narrow peak in Al as was men-
tioned in Ref. 4. Additionally, the spectra from

TABLE IL Sources of error and estimates of their magnitude.

Error source Absolute error (%) Relative error (%)

Current integration
np cross section
Production target thickness
Radiator target thickness
Neutron solid angle
Quadrature sum

+10
+ 8

2
k. 2
+ 2
13.3

0
k2

0
0
4.5
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FIG. 5. Neutron spectra observed at 0 from 800-MeV proton interactions with targets of (from the bottom): U, Pb,
%, Cu, Ti, and Al. The scales are the same but displaced for both axes.

Ti and Cu manifest a similar shoulder but the
structure is not apparent for the higher mass tar-
gets.

In order to ascertain any systematic trends as
a function of target mass that may be present in
the data, the cross section for the CEX and pion
regions were integrated over momentum. The
momentum value used to divide the two regions
was arbitrarily taken to be 1295 MeV/c. The in-
tegrals over the two regions for the six targets
are given in Table III along with the average val-
ues of atomic mass (2), neutron number (Ã), and

atomic number (Z) . An additional entry is given
for the average cross section in the valley (1270-
1320'MeV/c) between the two peaks. The results
for the CEX and pion region cross sections are
plotted versus atomic mass in Fig. 6. Also plotted
there are the previous results' ' of our group from
targets with A & 27. Although the earlier measure-
ment for Al was made almost two years earlier,
the agreement with the present result is well with-
in the systematic errors associated with the two
measurements.

The rather smooth dependence on atomic mass

TABLE III. Cross section integrals [ f(dto/dQ„dp)dP] for thechargeexchangeregion (P„&
1295 MeV/c) and pion associated region p„&1295 MeV/c) in mb/sr. The average cross sec-
tion in mb/[sr(MeV/c)] observed in the valley between the two peaks is also given. Errors
shown are due to counting statistics only.

Target CEX Valley Pion

Al
Tl
Cu
W
Pb
U

27.0
47.9
63.5

183.9
207.2
238.0

14.0
25.9
34.5

109.9
125.2
146.0

13
22
29
74
82
92

58.0+0.7
88.4 +1.0

105.4 +1.2
222.0 +2.3
225 8+2.3
252.4 +2.7

0 ~ 19+0.01
0.29 +0,02
0.30 +0.02
0.50 +0.03
0.50 +0.03
0.55 +0.04

271.4 +2,0
372.1k2.7
425.0 +3.2
695.5 +5.6
695.4 +5.5
76 7.9+6.3



1424 8 K BONNER et aI 18

IOOO I I I I I I I I I I I I I I & I TABLE IV. Values of parameters extracted from
power law fits: O'A and yN .

O
O

th

E l00

Cy
"U

b

//
/'

//

//

((

P R
GLAU HER
CALCULATlON

0

Region

CEX
Valley
Pion

6.49
0.042

60.3

0.671
0.47
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of the two cross sections for values of A ~ 27 led
us to attempt a fit of the form do/dA = nAB The.
values of the parameters extracted from the data
of the present experiment are given in Table IV,
and the fits are plotted in Fig. 6 for A ~ 2V. The
cross section for the charge exchange region is
seen to vary as A' ' whereas the valley and pion
regions vary as A'~'. Fits using the neutron num-

FIG. 6. Plot of the integrals of the charge exchange
and pion associated regions of the neutron spectra shown
in Fig. 5 versus atomic mass of the production target.
The momentum used to divide the two regions was 1295
MeV/e. The solid lines give the results of the power
law fits to the present data (solid circles) for the two
regions. Also shown are our previous results for the
lower mass targets: triangles, Bef. 4; squares, Ref. 3;
and open circles, Ref. 2. Results of the Glauber calcu-
lation of the charge exchange cross sections are plotted
with the symbol+.

ber N instead of A were also tried and the values
of the parameters extracted are listed in Table
IV. These fits have slightly worse values of X

than those using A.
Previous experiments'" at lower energy (143 and

and 340 MeV, too low for appreciable pion produc-
tion) have indicated that integral neutron yields
near 0' va, ry roughly as N'~', in qualitative agree-
ment with the results obtained for the CEX region
in the present experiment.

The integrated charge exchange cross section
for each nucleus has been calculated in a Glauber
model" that includes attenuation effects due to ab-
sorption of the incident beam and outgoing neutron.
Knowledge of both the neutron and proton densities
is needed in the calculation, which is formulated
in terms of a thickness function, defined by Glau-
ber as

where p is either the proton or neutron density and
b is an impact parameter. The nuclear charge ex-
change cross section is then expressed as

e-&totl:Tq(&&'2p(b)1 x ~2~ &-atotP[Tn b + &(y~~ ni

8-stot/2L'&'„(0&+TP(bl) "( ) d2f

where T„and T are the neutron and proton thick-
ness functions, respectively, and T„'= [(N- 1)j
N]T„. T„' is used in the exponent since a nucleon
inside a nucleus cannot screen itself. The cross
section O„,is the average of the neutron and pro-
ton total nucleon cross sections. In the present
calculation the proton and neutron density distri-
butions are assumed to be equal and are described
by a Woods-Saxon form. The results of this cal-
culation are plotted in Fig. 6 and, although the
overlap with the data is poor, there is qua, litative
agreement with the trend of the measured cross
sections. The calculation has two contributions,
one being an incoherent component given by the
first two integrals in Eq. (1) resulting from the

I

charge exchange interaction of each neutron with
the incident proton. A second component is given
by the last integral in Eq. (1) which represents
the coherent transition to the isobaric analog state.
The latter is approximately 14% of the entire CEX
cross section (for A ~ 2V) and reflects the fact that
the coefficient of the free cross section for the
coherent component in Eq. (1) is of the order one.
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