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ABSTRACT

A kinematically complete measurement of the Coulomb dissociaton of LiintodLi+2nbya
Pb target was made for 111 excitation energies up o ~ 1.5 MeV. The ILi velocity is greater than the
average neutron velocity, indicating Coulomb acceleration of the 9Li by the Pb nucleus and. therefore, a
prompt decay rather than a soft dipole resonance for the breakup process.

" The n - n momentum and angle correlations show no evidence for a dineutron in the ground state

of *'Li.

A brief discussion is given of two neutron walls under construction and of the problems of neutron
spectroscopy with large detectors.
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1. Introduction

Webster's dictionary says that something exotic is foreign or unfamiliar. There
have been so many papers written about 11Li in the last few years that, at least for some of
us, !1Li now seems more like an old friend than an unfamiliar nucleus. Nevertheless, in
this paper !1Li is taken as the archetypal exotic nucleus--a light, neutron-dripline nucleus
that may be viewed as a core OLi) plus two neutrons. The same statements can be made

about the dripline nuclei 8He (6He core) and 14Be (12Be core) and about SHe (a -particle
core). In all four nuclei the pairs -- core plus neutron and neuzon plus neutron -- do not
bind, but the three-body system is bound. It has been suggested that the neutrons in these
nuclei form a bound dineutron.!2 In any case, experimental informadon on the correlation
berween the neutrons would contribute to our understanding of the structure of these
nuclei.

In principle, any interaction of !1Li, even elastic scattering,3 will be sensitive to its
ground-state wave function, but some interactions will be more sensitive than others. In
the experiment we performed*- 11Li was dissociated by photon absorption into ILi +n +
n, and we detected both ncutrons. A !ILi target being unattainable, two ingenious
developments were used--the radioactive beam facility6 at Michigan State University and
the method of equivalent photons.”8 11Li became the projectile, and the electric field of a
Pb target nucleus was the photon source. Although the photon spectrum is calculable,8 we
have no control over the energy of the photon absorbed in a given event. Eiis discovered
only after a complete kinematics analysis of the event. That analysis yields the decay
energy E4, and then

Ey=Ed+Sn. (m)

where S7p is the two-neutron scparation energy, 0.31 MeV? in L1Li. Each event is

mransformed back into the !1Li rest frame, where various histograms, including those for n
- n correlations, may be constructed.

The measured correlations are of the final state, not the initdal (ground) state. To
deduce a ground-state correlation we should know the transition operator and the final state
wavefunction. A very appealing model of the electromagnetic dissociation
developed,2-10.11 the so-called soft dipole model. In this model 11Lj is excited by E1l
photon absorption into an electric dipole resonance similar to the giant dipole resonance.

In the giant dipole resonance the photon drives all the protons against all the
neutrons in a nucleus. From the systematics on restoring force and inerta, the resonant
energy in !!Li would be expected to be ~ 25 MeV. The soft dipole resonance is another
collective resonance in which the restoring force on the oscillatng protons is provided by
the two halo neutrons. Schematics of these two electric dipole resonances are shown in
Fig. 1. The latter resonance should occur only when the valence neutrons ar¢ SO lighty
bound that they form a halo around the charged core.

The dipole strength function is obtained from the equation

Photon Absorption ¢ = (E1 Strength Functon) * (Virmal Photon Spectrum.) )]



right half of Fig. 3 was Monte-Carloed through our detector response function (and the
photon spectrum), it produced the solid curve that fits our data so well in the left half. The
solid curve in the left half is the dipole strength function determined by our data. A
theoretical model that produces a dipole strength function in agreement with this curve is in
agreement with our data.
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Fig. 3: (a) The measured decay energy spectrum of 111 ... 9Li + n + n. (b) The corresponding electric
dipole strength function. The solid curve below results from a Breit-Wigner resonance function with Eres =
0.7 MeV and T = 0.8 MeV. This curve, with the virtual photon spectrum and the detector response
function. produced the data-fitting curve in (a).

To obtain the fit that is shown we assumed a Breit-Wigner resonance shape and
searched on its two parameters--resonance energy and width. The results were Eq=0.7

MeV (Ex=Eq+S2n=1.0 MeV) and I'=0.8 MeV. It is instructive to compute the times
corresponding to these energies. If our resonance represents the soft dipole resonance, the
period of oscillation of the 9Li core in the two-neutron halo may be obtained as follows:

Ex = ho = m2w/T; T=2rAc/Ex ¢ = 1250 fm/c 3
From the width of the state we get its lifetime:
[t=#; T = Ac/Tc = 200/0.8 = 250 fm/c C))

Therefore, ﬁhe state lives for only 1/5 of a oscillation, on average. Such a short
lifedme does not support the picture of a core oscillating back and forth in the halo.

3.2. Post-Breakup Coulomb Acceleration

An observation that was not expected in the experiment is shown in the left half of

Fig. 4. The 9Li velocity is systematically higher than the average neutron velocity. To
check for a possible insoumental bias we ran a computer simulation of un-accelerated



events and got the histogram in the figure. It is symmetrical and centered on zero. Of
course, our fragment and neutron velocities were measured by different means, the
fragment by the energy deposited in a calibrated Csl scintillator, the neutron by its flight
tume. Although our estimates of the systematic error in each of the two measurements
could not account for the observed velocity difference, we were able to construct an
experimental check, as illustrated in the right half of Fig. 4. There we compare the iniual
center-of-mass velocity, (=!!Li velocity), with the final CM velocity. Since the latter value
depends mostly on the 9Li velocity, which comes from energy deposition, and the former
(and the neutron velocity) comes from time-of-flight measurement, the almost perfect
centering of this distribution is reassuring. The width of the distribution is a measure of
our instrumental velocitv difference resoluton.
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Fig. 4. (a) The spectrum for the velocity difference V9 = V2p, where V2p is the average velocity of the two
detected neutrons. The histogram is the result of a Monte-Carlo simulation assuming no Coulomb-
acceleration effects.. (b) The spectrum for the longitudinal component of the center-of-mass velocity before
breakup subtracted from the center-of-mass velocity after breakup.

We have no choice but to take the observed velocity difference seriously and try to
interpret it. One possible interpretation is illustrated by the simplified sketch in Fig. 5.
This shows that if the lifetime of the excited !ILi is short enough, break-up will occur
while the Li is still high on the Colomb hill. 9Li will receive a Coulomb acceleration, and
the neutrons will not. We can work this idea backwards from the measured value of Vo-
V2n. That value determines the Coulomb energy, which determines r in Fig. S,and r

determines T, the result being t ~60 fm/c. From the width of the ’

"resonance” we deduced a t of 250 fm/c. More doubt is cast on the existence of a resonant
state. The peak in Fig. 3 looks like a resonance, but an excitation function must rise from
zero at threshold and, because of a sum rule, evenwally come down again. The Coulomb
acceleration method of lifetime determination is independent of whether or not there 1s a
soft-dipole resonance, and, of course, 60 fm/c is only 5% of the 1250 fm/c oscillaton
period for a soft-dipole resonance at Ex =1 MeV. We conclude that we have observed a

direct break-up of !1Li, rather than a soft-dipole resonance.



4. The Dineutron in 11Li

PY Target

With a direct transition to continuum
states, the equivalent photon method could be a
very good way to look at the ground-state
structure of !1Li. There are two requirements:
1) the momentum of the absorbed photon
should not significantly perturb the motion of
the 9Li core or of either neutron, it should be a
gentle perturbation, and 2) the photon
absorption process should take place so quickly
that the positions of the three constituents are
not significantly changed, it should be a
photon absorbed  Break-tp occurs sudden absorption. If these requirements are
here here met, no theory is required to see the n - n
ground-state correlation in the final state. A
lookt_at parts (a) and (b) of Fig. 6 tells us that
; . . the first requirement is met, because a typical

The average impact parameter is b. The distance . . .
from the ng n;:xcleus to the breakup point is 9Li momentum is about .30 MeV/c and a typical
denoted by r. V is the beam velocity and t is feutron momentum is about 18 MeV/c,
the meanlife of the excited ! 1Li. whereas Fig. 3 gives py < 1 MeV/c. If our
. beam velocity had been relativistic, the second
requirement would have been met very well because the electric field of the Pb nucleus
would have been a flattened pancake as seen by the !1Li. With an impact parameter of 10-
20 fm and a speed of ¢, the collision time could have been less than 1 fm/c. A halo neutron
has radius ~3 fm. With momentum 18 MeV/c, its speed is only 0.02c, and its orbital
period ~ 900 fm/c, which is >> the collision time. At 28 MeV/ nucleon v = c/4, however,
there is almost no flattening. Photon absorption occurs over a time of ~ (30 fm)/(c/4) =
120 fm/c. As this is somewhat less than the orbital period, the second requirement is
somewhat satisfied. We can expect, but not be certain, that a dineutron in the ground state
would show itself in the final state. With that expectation, we look for evidence for a

dineutron in our data.

Fig. 5: A schematic view of a 1L breakup.

4.1 Momentum Distributions

If the Coulomb dissociation is indeed both gentle and sudden, a dineutron soructure
in the ground state results in a (wo-body breakup in the first instance. The kinematcs of
the breakup are reflected in the momentum spectrum of the 9Li._ For a given value of E4,
two-body decay gives a spectrum with all 9Li at the maximum possible value. When
summed over the E4 values in this experiment, Fig. 3, a continuum results, but it is a
maximized continuum, it is the solid histogram of Fig, 6a. The data are not fitted by this
model, but they are fitted by the two other models shown--a three-body phase-space model
and the three-body hyperspherical-harmonic direct-breakup model. 16 [n the
Hypershperical-harmonic model the angular effects of the ¢ =1 photon absorption are
included. The same three models are compared with the data on the momentum distributon
of a single neutron in Fig. 6b. Again, the three-body models agree with the data. but the
dineutron model predicts a spectrum beyond the measured specrum.
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Fig. 6 Momentum spectra of i fragments, single neutrons, and of one neutron relative to the center-of-
mass of the two neutrons. The points are from our experiment. The histograms are Monte-Carlo
simulations of three deacy models: dashed--standard 3-body phase space, dotted--3-body hyperspherical-
harmonic (Ref. 16), solid--2-body decay into ?Li and a dineutron.

llllllllllll[llll

N | i
Lild llllllllllllllllllllll

Finally, in Fig. 6c we look at the n - n relative momentum spectrum, i.e., the
spectrum of the momentum of one neutron with respect to the center-of -mass of the two
neutrons. With an ideal neutron detector all the events in the dineutron model would have q
= 0, and that would be the case for all values of E4. Unlike the 9Li and n spectra, there is
no dilution here of the dineutron effect when, for statistical accuracy, events with a range of
Eq values are summed together. The response of our detector changes that, but there is sdll
a large discrepancy between the spectral shapes of the data and the prediction. The two
three-body models agree with the data. No n-n final state interaction was put into the
model calculations of Fig. 6.

42 n - nAngle Distribution

The dineutron model makes another prediction which is independent of E4--that the angle 6
between the two neutrons is zero, cos 6 = 1.0. The detector response smoothes the

prediction but still leaves a strong peak at cos @ = 1. In Fig. 7 that peak goes off scale
beyond 2,000--more than ten times the value in our data. Again, the two other models
more-or-less equally agree with the data.



4.3 Comparison with Others Results

Although our experiment gave no evidence in favor of the existence of a dineutron
in 11Li, there are at least two reports that do give such evidence. In one,! average values
of 9Li and of single-neutron momentum distributions were used to deduce a value for the

average of cos 0, and tlie result was that it was,
- with a-significant statistical error, greater than
1, i.e., it was consistent with ® = 0. The
otherlS reports on a complete-kinematics
experiment similar to decay into 9Li and a
dineutron ours, the main differences being that

the beam energy was 43 MeV/u (compared to
our 28 MeV/u), the neutron angular acceptance

was greater, and there was no neutron/y-ray
pulse-shape discrimination. Two related pieces
of evidence are given in favor of a "modified"
(i.e., at least some) dineutron model. First,
partitioning of the decay energy into kinedc
energy of the 9Li - n2 system and internal
energy of the n2 system strongly favored the
former, whereas the two energies were about
equal in our experiment. Zero internal energy

-- of the n2 system is equivalent to what we have
0 .l 1. .1 taken as the dincuron model. And second,
-1.0 -05 0.0 0.5 1.0 their n - n relative energy spectrum includes a
cos 8 narrow peak at 50 keV, equivalent to q = 5
MeV/c in Fig. 6¢.
Fig. 7 Angle distribution of the two neutrons
when 11Li decays. into 9Li + n + n. The angle
between the neutrons is 8. The points are from 5. Future Plans--the Neutron Wall
our experiment. The histograms are Monte-
Carlo simulations of three decay models; dashed— The discrepancy between our
;mei;fhmm &fﬁkfm:gﬁl experiment and that of Shimoura et al.!3 is not
The last one rises above 2.000 at cos 0 = 1. too surprising if one is aware of the
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experimental difficulties with neutron detection. In order to maintain a reasonable energy
resolution, the detector thickness must be small, resulting in a detection efficiency

significantly <1, typically 0.1. In a two--neutron experiment the efficiency is the 0.01.
And with a "beam” of an exotic nucleus the intensity is far below the 1.0 particle pA (6 x
1012/5) that was once standard in a nuclear physics experiment. Our !1Li intensity was <6
x 102/s. A large neutron detector, such as the 54-can array in Fig. 2, partially compensates
for this deficiency.

We are building a pair of neutron walls, each consisting of 25 long glass cells filled
with NE213 liquid scintillator and having photo tubes at the ends. This will give us a
factor of 10 increase in the volume of scintillator but with only 100 photo tubes rather than
540. The 2 m x 2 m wall area will give us 3 times the angular acceptance and, therefore,
reasonable efficiency for events with 9 times the decay energy. A computer photograph of




Fig. 8. A computer photograph of one of the neutron walls under construction at Michigan State
University. The human model, Mr. P. Zecher, one of the coauthors of this report, is almost 2-m tail.

the wall is shown in Fig. 8. The size may be judged from the human model, Mr. P.
Zecher, a co-author of this report who is almost 2-m tall.

Even with these walls there will be two experimental problems in measuring n - n
correlations--cross-talk and scattering. By cross-talk we mean a pair of scatterings or
interactions whereby one neutron produces pulses in two of the glass cells thereby
mimicking a true 2-neutron event. For example, the first interaction could be

n+12C53a+n-7.6MeV (3)

and the second, n' - p elastic scattering. To reduce the number of such events we plan to
run our experiments at a low enough beam energy and with a high enough pulse-height
threshold that almost all of our detection efficiency will come from n - p elastic scattering
and almost none from n - 12C interactions. This will allow us to use the 2-body kinematics
of n - p scattering to test each event for possible cross-talk. The test will be made with a
cemputer simulation program (written by Mr. J. Wang, co-author of this paper) that allows
for the instrumental resolutions of pulse height. x and y positions on the wall, and time



determination. As a check on the program we will expose the walls to neutrons from the

TLi (p.n) reaction. All 2-cell events from this 1-neutron reaction will be cross-talk events.
To first order the simulation program should identify all of them as such. However, there
is another effect--scattering--that defeats this goal and that causes other difficulaes. In-
scattering is an ancient problem is neutron physics. It refers to neutrons that arrive at the
detector after scattering from the floor, the walls or some other part of the surroundings.
The detector, not being direction sensitive, accepts this neutron and assigns it a rather low
energy because of its long flight time. The traditional soluton is to measure the in-
scattering and subtract it. To do this a shadow-bar is inserted in the path between source
and detector, allowing only in-scattered neutrons to reach the detector. With either an array
of detectors or a wall, out-scattering makes it impossible for this kind of detector to be
perfect. An out-scattered neutron is one which enters a part of the detector, is scattered
without making a detectable light pulse, and arrives at another part of the detector where it
does make a big enough light pulse. It is thereby assigned an incorrect positon and an
incorrect (too low) velocity. The scattering material could be the detector housing or the
carbon and hydrogen of the scintillator itself. Even with the lightest housing the effect is
still present. Perhaps the only way to account for the effects of out-scattering is to feed any
model of the produced neutron distributions through a computer simulation of the neutron
detector.
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