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He and He production by 800 MeV protons from ' C, Ti, and Pb at forward angles

D. B.Barlow, * B.M. K. Nefkens, C. Pillai, * J. W. Price, I. Slaus, M. J. Wang, and
J. A. Wightman~

Uniuersity of California, Los Angeles, California 90024

K. W. Jones, M. J. Leitch, C. S. Mishra, C. L. Morris, and J-C Peng
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

P. K. Teng
Institute ofPhysics, Academia Sinica, Nankang, Taiwan

J. M. Tinsley
Arizona State University, Tempe, Arizona 85281

(Received 10 September 1991)

The doubly differential cross section for the production of He and He by 800 MeV protons from ' C,
Ti, and Pb has been measured at laboratory angles of 6' and 15'. The momentum of the detected helium
nuclei varied from 1 to 2 GeV/c, the maximum being well above the incident proton momentum of 1.46
GeV/c. The cross sections were found to increase with increasing target mass and decrease with increas-
ing momentum and scattering angle. In our momentum region, the He production cross section is
1.5—10 times larger than He depending on the target and the momentum. The data are consistent with
the hypothesis that the dominant reaction mechanism is a direct process where the initial nucleon-
nucleon scattering is followed by a sequential pickup of neutrons.

PACS number(s): 25.40.Hs, 27.20.+n, 27.40.+z, 27.80.+w

I. INTRODUCTION

The production of nuclear fragments by intermediate
and high-energy protons and by light and heavy ions in-
teracting with complex nuclei has been under investiga-
tion for over three decades [1,2]. When a very energetic
projectile interacts with a target nucleus, a great number
of final states are available. A large fraction of the cross
section comes from the emission of particles with more
than 10 MeV/nucleon. Inclusive spectra of fragments
produced in the proton bombardment of targets ranging
from Be to Pb show a sharp decrease with increasing
fragment energy, indicative of an evaporation process.
Evaporation explains only the low-energy part of the
spectra, and it does not work well for all fragments. It
has been shown [3] that in a proton-Ag interaction at 480
MeV at forward angles (20 ), the evaporation process
contributes 57%%uo of the He and only 6% of the He emis-
sion cross section. The relative contribution of the eva-
poration process changes with angle, and at 90' it
amounts to 76% for He and 17% for He emission.

Several models, based on a variety of different assump-
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tions, have been proposed to explain light fragment in-
clusive energy spectra [2]. Neither single nucleon-cluster
scattering from a zero-temperature Fermi gas nor emis-
sion from an ensemble of particles in thermal equilibrium
can account for all observables in the nuclear fragment
production. General similarities of fragment production
from targets as varying as Be and Ag suggest that the re-
actions proceed through similar channels in all nuclei;
the fragments appear to be emitted from a hot source
generated as a result of an initial nucleon-nucleon quasi-
free scattering and subsequent final-state interactions [4].
In the present work, the momentum range of the ejec-
tiles, which extends to 1.8 GeV/c for the carbon target
and 2.0 GeV/c for the lead target, extends well beyond
the incident proton momentum of 1.46 GeV/c. This re-
quires a major contribution coming from the Fermi
momentum of the target nucleus and/or the production
of backward-going mesons.

The present study was prompted by our desire to know
the background He production from the titanium in a
solid titanium tritide target that is bombarded by 800
MeV protons. It is possible to produce a beam of g
mesons from such a target by the reaction
p+ H~ He+g. The recoil He serves for tagging the g
using the constraints of two-body kinematics [5]. The
most interesting energy region is near the g production
threshold (T„=756MeV), as the Jacobian of the He is
the largest at threshold and the laboratory differential
cross section for g production is at its peak, assuming
that the g production process is similar to the one in
p+d~ He+g [6]. Threshold production implies that
the He emerges near 0 in the laboratory system with
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momentum p =1.3 GeV/c. The titanium in the Ti( H)2
target under consideration weights considerably more
than the tritium and could provide a prohibitively large
background. Hence it is important to know the magni-
tude of He production from the background material.

We have embarked on a short program for measuring
He production in the range 1 —2 GeV/c near 0 when ti-

tanium is bombarded by 800 MeV protons. Our study
also includes measurements of He inclusive energy spec-
tra. Both He and He spectra are measured for a light
(' C) medium (Ti) and heavy (Pb) target. This enables us
to explore the 3 dependence of He and He production
to optimize the choice of alternative target materials in
eta meson production experiments. It also provides use-
ful tests on different nuclear fragmentation models.

II. EXPERIMENTAL SETUP

The experiment was performed at the Los Alamos
Meson Physics Facility (LAMPF) using the high resolu-
tion spectrometer (HRS) [7]. The incident proton beam
had a kinetic energy of 800 MeV and the intensity was
—1 nA. The three targets were ' C (500 gm/cm ), natu-
ral Ti (700 mg/cm ), and natural Pb (200 mg/cm ). Nat-
ural titanium contains 73.8% Ti, 8.0% Ti, 7.3% Ti,
5.5% Ti, and 5.4% Ti, and natural lead contains
52.4%%u Pb, 24. l%%u' Pb, 22. 1%%u Pb, and 1.4%%u' Pb.
The forward-going He and He produced in the target
were bent 150' vertically by the HRS spectrometer mag-
net and detected in the focal plane. Because of the high
rate of background particles such as pions, protons, and
deuterons which are copiously produced at forward an-
gles, the HRS focal plane drift chambers were not used.
Instead, the He and He were detected and identified us-

ing a pair of scintillation counters spaced -70 cm apart.
This was sufBcient to identify particles cleanly by time of
tlight and pulse height (see Fig. 1). During data acquisi-
tion, the scintillator thresholds were set to reject A & 3

150

particles from the event trigger. The particle momentum
was determined by the field setting of the two spectrome-
ter dipoles. The momentum bite of the HRS spectrome-
ter here is 3%. The absolute calibration of the spectrom-
eter was determined by measuring the cross section for
P-C and p-Pb elastic scattering and comparing to known
results [8]. From this calibration, the absolute cross sec-
tions are known to +10%.

III. RESULTS AND DISCUSSION

The measured doubly differential cross sections for He
and He production from the carbon, titanium, and lead
targets at the laboratory angle of 6' are shown in Tables
I-IV and in Figs. 2 and 3. The cross sections from Ti at
the laboratory angle of 15' are given in Fig. 4. A small
adjustment was made to the measured momentum to ac-
count for the average energy loss of the outgoing parti-
cles from the target. The statistical errors are approxi-
mately the size of the data points.

The maximum value of the ejectiles' momentum is 2
GeV/c, well above the incident proton momentum of
1.46 GeV/c. As expected, the cross sections increase
with increasing target mass and decrease with increasing
ejectile momentum and laboratory angle. The cross sec-
tion for He is almost flat at lower momenta in the energy
region displayed in Fig. 3 and it is 2—6 times larger than
the He cross section (Fig. 2). It is known that, although
the total (p, a) cross section is about ten times larger than
the total (p, He) cross section, the cross section for He
emission is larger than that for He, for fragment energies
larger than about 100 MeV [1,9].

Larger differences in evaporation probabilities for He
and He are expected and found. Evaporation is strongly
dependent on the isotope of the ejectile, reflecting the rel-
ative separation energies. In general, inclusive energy
spectra have much lower slopes in the high-energy region
for neutron deficient isotopes; for example, Be (and simi-
larly ' C and "C) inclusive energy spectra decrease as the
energy increases much more slowly than spectra of Be
and ' C ejectiles. It is argued that the neutron-deficient

100

~ 50

4He p( He)

(GeV/c)

TABLE I. Doubly differential cross sections for 'He and He
production by 1.46 GeV/c protons at 6' (lab) on a ' C target.
Only statistical errors are quoted. Systematic errors are +10%%uo.
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FIG. 1. Two-parameter particle identification spectrum
based on time of flight and pulse height.

1.02
1.22
1.30
1.33
1.36
1.39
1.42
1.45
1.51
1.63
1.75
1.85
1.95

0.316+0.003
0.300+0.003
0.330+0.002
0.311+0.003
0.300+0.003
0.306+0.003
0.310+0.003
0.288+0.003
0.280+0.003
0.200+0.002
0.140+0.002
0.051+0.001
0.030+0.001

1.06
1.24
1.32
1.35
1.38
1.41
1.43
1.46
1.53
1.65
1.76
1.86
1.96

0.076+0.001
0.051+0.001
0.048+0.001
0.043+0.001
0.040+0.001
0.037+0.001
0.034+0.001
0.029+0.001
0.026+0.001
0.018+0.001
0.014+0.001
0.007+0.001
0.004+0.001
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FIG. 2. Doubly differential cross sections in the c.m. for the
production of He from the ' C, Ti, and Pb by 800 MeV (1460
MeV/c) protons at 6'. Arrows labeled KO and PU indicate ki-
nematic conditions for the knockout and pickup processes de-
scribed in the text.
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FIG. 3. Doubly differential center-of-mass cross sections for
the production of He from ' C, Ti, and Pb by 800 MeV (1460
MeV/c) protons at 6'. Arrows labeled KO and PU indicate ki-
nematic conditions for the knockout and pickup processes de-
scribed in the text.

isotopes are produced from sources in nuclei which are
excited to higher temperature [1,9].

The measurement of the linear momentum transferred
from projectile to the emitted nucleus in a given nuclear
interaction provides insight in the reaction mechanism.
Several processes are possible and most likely all occur to
some extent simultaneously. We will now investigate
some of these mechanisms.

The emission cross section for He and He resulting
from the 800 MeV proton bombardment of a natural Ti
target is peaked in the forward direction (compare the
data in Figs. 2 and 3 with those of Fig. 4), providing sup-
port for the earlier measurements in the 20'-170' region
[1]. Specifically, the more energetic He (p ) 1700
MeV/c) emission cross section at 6' is about three times
larger than at 15'. However, for lower-energy He (1100
MeV/c), the 6' and 15' cross sections are about equal.

The high momentum region of the inclusive He and
He spectra could be due to the direct knockout (KO) of

a preformed cluster of He or He by the incident proton

regardless of the details of the proton-cluster interaction
process. Assuming free and stationary He and He clus-
ters, one obtains for the ejected particle momenta values
denoted by the KO arrow in Figs. 2—4. The cross sec-
tions for these processes are proportional to the product
of the probability for the He or He cluster formation,
the p —He ( and p-a) cross section, and the probability
that the cluster will escape and not rescatter or break up
after it is struck by the incident proton. The experimen-
tal spectra (Figs. 2-4) do not support the hypothesis
that the cross sections for He and He are due to
knockout. This is in accord with other available data
(see, e.g., Ref. 2). The knockout occurs mainly in the sur-
face of the target nucleus and one expects that the cross
sections for ' C, Ti, and Pb behave as A . We have in-
vestigated the A dependence of the He and He emission
cross sections and its variation with the ejectile momen-
tum as follows.

The doubly difFerential cross sections are fitted with a
function of the form

d 0'

dp dQ
[pb/(sr MeV/c)]

p(4He)

(GeV/~)

TABLE II. Doubly differential cross sections for He and
He production by 1.46 GeV/c protons at 6' (lab) on a Ti target.

Only statistical errors are quoted. Systematic errors are k 10%

d CT

p( He)
dp dQ

(GeV/c) [pb/(sr MeV/c) ]

TABLE III. Doubly differential cross sections for He and
He production by 1.46 GeV/c protons at 6' (lab) on a Pb target.

Only statistical errors are quoted. Systematic errors are + 10%.
d2 d CT

p( He)
d dQ p( He)
dp dQ dp dQ

(GeV/c) [pb/(sr MeV/c) ] (GeV/c) [pb/(sr MeV/c) ]

1.08
1.24
1.32
1.35
1.38
1.41
1.43
1.46
1.53
1.65
1.77
1.88
1.98

1.449+0.015
1.115+0.016
1.058+0.011
1.065+0.011
1.023+0.010
0.954+0.009
0.935+0.009
0.821+0.008
0.750+0.007
0.496+0.005
0.280+0.005
0. 100+0.002
0.045+0.001

1.11
1.26
1.34
1.36
1.39
1.42
1.45
1.47
1.54
1.66
1.78
1.89
1.99

0.511+0.009
0.283+0.008
0.236+0.004
0.215+0.005
0. 195+0.004
0. 164+0.003
0. 159+0.003
0. 146+0.002
0. 117+0.003
0.066+0.002
0.040+0.002
0.020+0.001
0.009+0.001

1.09
1.25
1.33
1.36
1.39
1.42
1.45
1.48
1.54
1.67
1.78
1.90
2.00

3.45+0.07
2.31+0.07
2.34+0.04
1.94+0.03
1.87+0.03
1.85+0.03
1.68+0.02
1.63+0.02
1.32+0.02

0.755+0.011
0.432+0.013
0. 142+0.006
0.075+0.004

1.10
1.26
1.34
1.37
1.39
1.42
1.45
1.48
1.54
1.67
1.79
1.90
2.01

2.33+0.06
1.01+0.05

0.774+0.025
0.603+0.016
0.547+0.014
0.521+0.014
0.424+0.009
0.375+0.011
0.259+0.009
0.135+0.005
0.081+0.006
0.032+0.003
0.016+0.002
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where the doubly di8erential cross section is given in
fsb/(sr MeV/c, p is the momentum in MeV/c, and A is
the atomic number of the target nucleus. The two con-
stants C and a were determined by a simple search for
the minimum y . General weighting, using a 10%%uo error,
was used in the calculation. (The result for a is not very
sensitive to how big the error is.) Since the difFerential
cross section was not measured at the same momenta for
the three different targets, they were evaluated every 100
MeV/c from 1100 to 1900 MeV/c by interpolation using
a smooth curve drawn by eye through the measured
points. The error in a was estimated assuming a 5%o ran-
dom error in each measurement. This error is about
0.025 for all points. A plot of a vs p for 3He and He is
shown in Fig. 5.

For large momenta (1700-200 MeV/c) the cross sec-
tions for both He and He for '2C, Ti, and Pb behave ap-
proximately as A . For lower momenta, the cross sec-
tions behave as A with a increasing as the momentum
decreases; for 3He from a =0.55 to 0.76 and for 4He from
a=0.63 to 1.2. This momentum variation of the A
dependence confirms that the high momentum region is

TABLE IV. Doubly differential cross sections for 'He and
He production by 1.46 GeV/c protons at 15' (lab) on a Ti tar-

get. Only statistical errors are quoted. Systematic errors are +
10%.

p('He)

(GeV/c)

d cT

dp dQ
[pb/(sr MeV/c) ]

p( He)

(Gev/c)

d cr

dp dQ
[pb/(sr MeV/c) ]

FIG. 4. Doubly differential center-of-mass cross sections for
the production of 'He and He from Ti by 800 MeV protons
(1460 MeV/c) at 15 . Arrows labeled KO and PU indicate kine-
matic conditions for the knockout and pickup processes de-
scribed in the text.

FIG. 5. Variation of the A dependence of the 'He and He
emission cross sections as a function of the momentum of the
ejectiles. The doubly differential cross section d20/(dpdQ)
data at 6' laboratory angle, have been Stted with the function
CA . A plot of a as a function of the momentum of the ejec-
tiles is shown.

p+n ~d+ne . (la)

This deuteron subsequently picks up another proton and
forms He via

d+p~ He+~ (lb)

dominated by processes in the surface, while at lower mo-
menta the reaction mechanism is more complex and most
of the nucleus is involved in the reaction process. The
A / dependence does not prove that the process is the
knockout process. Indeed, if it would be only a knockout
process and assuming that the number of 3He and 4He

clusters in the surface is about equal, one would expect
about equal (p, He) and (p, a) cross sections. However,
we observe that the (p, 3He) cross section is about six
times larger than (p, a). We conclude that at 800 MeV
the knockout mechanism is not important and that even
the largest momentum region of the inclusive He and
He spectra is due to other peripheral processes with an

A / dependence.
For incident protons of about 1 GeV, the proton-

nucleus interaction is dominated by a series of nucleon-
nucleon interactions initiating a nuclear cascade. The
similarity between the proton, deuteron, triton, and 3He

emission spectra in the high momentum region suggests
the importance of the pickup model [1]. The simple pick-
up model has been considerably improved and developed
into a fairly sophisticated one called the snowball model
[2,10]. We will use it here in its simplest form. In our
case, a proton picks up a neutron and forms a deuteron
through the reaction

1.08
1.24
1.39
1.53
1.65
1.77

1.32+0.03
0.868+0.019
0.621+0.013
0.38+0.02

0.156%0.006
0.091+0.01

1.10
1.26
1.41
1.54
1.66
1.78

0.494+0.019
0.231+0.009
0.114+0.005
0.065+0.005
0.035+0.003
0.020+0.002

In the energy region relevant for our data, a signi6cant
fraction of the nucleon-nucleon total cross section is due
to pion production. Indeed, at 730 MeV, charged pion
production on a 'H or a H target has a doubly
differential cross section of several pb/sr MeV [11]. Al-
ternative pickup processes leading to He are
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FIG. 6. Ratio of the He and He production cross sections
at p3 and p4, which are defined in the text. Solid circles are ' C
data, triangles are Ti data, and squares are Pb data.

p+p ~d+m+, (lc)

followed by (lb). This accounts for the production of a
He nucleus.

The largest He momentum which these sequential
pickup processes can produce at 6' is 1.6 GeV/c (see the
arrow PU in Fig. 3). However, the Fermi motion in the
nucleus extends the pickup mechanism to considerably
larger momenta of the He. Figure 3 shows that the in-
clusive energy spectra of He ejectiles from ' C, Ti, and
Pb are rather fiat below about 1.6 GeV/c.

One more pickup process, He+n ~a+~, or
He+p~a+m+, forms He. At Hemomentabelow 1.6

GeV/c, these pickup processes occur only when the Fer-
mi momenta are 0.1 GeV/c (for 1.5 GeV/c He) to 0.2
GeV/c (for 1.1 GeV/c He).

Another sequential pickup process would be a pickup
of preformed clusters of deuterons (or H) to from He (or
He). In our energy region such processes are orders of

magnitude less probable. The simple pickup mechanism
can be extended to include other possible processes [2],
for example, an incident proton scatters sequentially from
several nucleons which later coalesce into He or He.
We are neglecting such processes, since we are concerned
with the very forward part of the angular distribution;
after the first scattering at 6', the recoil proton leaves at
the large angle of 81.5' with a very low energy of 12.4
MeV. Since the He production cross section is about
five times larger than that of He, the dominant processes
are sequential pickup mechanisms (la —c) rather than the
pickup of preformed d or t clusters, as the number of pre-

formed deuteron clusters cannot be an order of magni-
tude larger than the number of triton clusters.

If sequential pickup is the dominant mechanism, then
the ratio of the cross sections for He and He production
is proportional to the cross section for neutron pickup by
He:

rr(a, p~)/o( He, p3)= Acr( He+n~ He+n;p3. ,p4),

where o(a,p~) and o( He, p3) are production cross sec-
tions for He and He having momenta p4 and p3, respec-
tively, and cr( He+n ba+a;p3, p4) is the cross section
for neutron pickup by He with momentum p3, while the
He has momentum p4. A has a dimension of (length)

If this model is adequate, then the ratio of the He and
He production cross sections at p3 and p4, respectively,

is a slowly varying function of p3, since in this energy re-
gion the pickup cross section cr( He+n~a+mo) does
not vary rapidly with energy. The difference between p3
and p4 in the sequential pickup mechanism varies from
about 0 at 1800 MeV/c to about 180 MeV/c at 1100
MeV/c. These are average values of p3 —p4, since the
pickup can occur at all angles. The smooth variation of
the ratio (2) with p3 supports the conjecture that the
sequential pickup mechanism (la —lc) is the dominant
process, see Fig. 6. This is further corroborated by the
fact that the ratio (2) depends on the target as A 'i; the
larger the diameter of the target, the more likely it is for
He to pick up a neutron to form He.

IV. CONCLUSION

The production of energetic (1—2 GeV/c) He at 6' to
15' laboratory angles is greater than that of He; for ejec-
tiles with p = 1. 1 —1.5 GeV/c the He/ He ratio is 1.5 —5
and for p &1.5 GeV/c it is 4.5 —10. This is markedly
different from the part of the spectra where the boiloff
mechanism dominates and where the He yield exceeds
He by a factor of 10 and more. The He/ He ratio is

larger for a light nucleus ' C(5—10 times) than for the
heavier nuclei Ti (4—7 times) and Pb (1.5—5 times). Our
data are consistent with the assumption that the dom-
inant mechanism is the sequential pickup (la —lc) mecha-
nism.
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