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The pion is the nediator of the nuclear strong force that was first
postul ated by Yukawa in 1934. A pionic atomis a bound state where the
pi m nus meson occupies an orbital about a nucleus nuch |ike that of an
el ectron. This system has been extensively studied by the stopped pion
method. In the stopped pion nethod, the radiative decay from pionic
level to level is observed for pions that are sl owed and captured about
a target nucleus. However, this nethod cannot be used for deeply bound
pi oni c states, because decay by nucl ear absorption becones nuch nore
preval ent than X-ray em ssion for |ower states which significantly
overlap with the nucleus. 1In 1988, Toki and Yamazaki suggested a new
met hod to popul ate pionic atomorbital s[1]. Several experinents have
been performed attenpting this nethod[2], |eading to the successfu
| ocation of deeply bound pionic states in %°®Pb(d,%He)[3] and nore
recently %°°Pb(d, *He)[4] at GSI.

We are exploring the *Pb(d, ®He) reaction at NSCL to verify the GSI
experinment. By probing this systemwe can investigate the nature of the
strong pion-nucl eus interaction and possibly of the neutron density
outside the nuclear surface. | report here on the basic principles and
experinmental conditions required for this experinment and sumari ze the
anal ysis | performed on our data.

Backgr ound

Pi ons are nesons that conme in three charge states, ™, with no
charge, 1™, with +e charge, and ™=, with -e charge. Mich |ike the
simlarly charged electron, the = can forma bound state with a
nucl eus. Such systens are ternmed pionic atons. These states may be
t hought of as atomic orbitals with pions instead of electrons, with
nmodi fications due to the pion’s |larger mass, 140 MeV, and strong
interaction w th the nucleus.

Since the 1950's, pionic atons have been created and studi ed by the
st opped pion nethod. Pions are produced by an accel erator, slowed down
by a degrader, and stopped in a target. The pion replaces one of the
outer electrons of the target and is captured by the Coul onb potentia
of the target nucleus. The resulting pionic atomis highly excited and
deexcites by emtting X-rays or Auger electrons. By observing these X-
rays, the level spacings and w dths have been precisely determ ned for
many pionic atomstates. However, there is alimt to what states can
be observed by the stopped pion nmethod. As the pion orbital radius
decreases the overlap of the orbital with the nucl eus becones non-
negligi ble. When this happens, decay by nuclear absorption becones nore
preval ent than X-ray em ssion. This situation is depicted in Figure 1
As can be seen no 'deeply bound,’ 1s and 2p, pionic states have been
observed for massive, A > 100, nuclei.

In 1985, it was first pointed out that fromtheoretica
consi derations these deeply bound states do exist.[5] A new nethod



usi ng nucl ear reactions such as (n,p)m®, (d,?He)m®, (n,d)m, (p,?He) ™,
or (d,%He) ™= was proposed. In each of these reactions a neutron becones
a proton and a pion. The reactions (n,p)tT, (d,?He)tm, (n,d)m®, and
(p,?He) = were unable to provide clear evidence of pionic atom formation,
due to |l ow cross sections or poor resolution.[6] The reaction
208pp(d, *He) e x*°’Pb was performed at GSI in 1996.[3] In this reaction, a
beam of deuterons hits a stationary *®Pb target. A neutron fromthe
208ph peconmes a pion and proton as a result of the collision. The proton
is carried off by the deuterium making it 3He, and the pion is trapped
in a deeply bound orbital about the ?*Pb. This is depicted in Figure 2.
To determ ne the binding energy and width of the pionic state |eft
behi nd, the nmonmentum of the incom ng deuterium and outgoing *He are
accurately measured. Then the equation of conservation of energy is

Ebeam+ MNPb + I\/IZH = MN'le + Mﬂ+ M3He+ E3He+ Eexc— EBinding

Wiere E;y is the kinetic energy of the ?H, Mare the masses, Ese i s the
kKinetic energy of the ®He, Eec is the excitation energy left in the Pb,
and Egnging 1S the binding energy of the pionic state. All values are
known except the two kinetic energies and the binding energy of the
pionic state.

Figure 3 shows the results of the 1996 GSI experinment wth 2%Pb.[7]
They have identified the 1s and 2p pionic atoms |evels about 2°Pb.
However, the 1s and 2p states are not clearly segregated because the 2p
pion state that |eaves the ?°Pb in its ground state [(2p) T (3pl/2)n]
forms a shoul der between the 1s and 2p levels. This makes the
determ nation of the level widths difficult. Because of the shoul der
the reaction 2°°Pb(d, °He) p-x**°Pb is interesting. 2°Pb does not have a
3pl/ 2 neutron. This reaction should clearly separate the 1s and 2p
states. In 1998, the ?®Pb reaction was run at GSI. Prelimnary
results, as shown in Figure 3, show the 1s and 2p states separate and
di stinct.[4]

Experi mental Conditions Required

| here outline the elenments required to find the pionic atom by

205pp( d, *He) = x*°°Pb, so the procedure used will be self apparent.

In order to accurately measure the nonentum of the resulting 3He
fragnent a calibrated, high dispersion nmagnetic spectrograph is
required. The S800 doubl e bend spectrograph at NCSL, depicted in Figure
4, satisfies this requirenent. A nagnetic spectrograph uses the
relationship for a charged particle noving a magnetic field.

Bp:L
q
Where B is the magnetic field, p the nomentum p the radius, and g
the particle charge. Thus for a particular magnetic field and charge
particles with different nonmentumw || be dispersed to different radii.



At the focal plane several detectors are placed. First, two sets
of drift chambers neasure the x and y position and angle of the
fragment. It is necessary to neasure to angle at which the *He strikes
the focal plane in order to renove the angul ar dependence of the
reaction. This dependence cones froma sinple consideration that the
| arger the outgoing *He angle is off fromthe inconmng ?H the larger the
monmentum i nparted to the Pb.

Then an ion chanber and several scintillators provide a neasure of
the particle energy and tinme of flight for particle identification.
Different kinds of particles will lose their energy in the ion chanber
and scintillators in different ways allowing us to differentiate between
them By selecting only the *He, we can greatly reduce the background.

In addition to a *Pb target, several nore targets are required.

An Al target was run. The Al target should not show any peaks from
pionic states, so it is run to verify that any peaks we see are not
artifacts of our detectors or data analysis. Another kind of run that
was used to deternmine if any apparent peaks were incorrect was a
degrader run. A degrader is a large block of nmetal that is placed

i nstead of the target to slow down the beam enough that it can pass

t hrough the spectrograph. The process of slowing is a random process of
bounci ng through the netal, so the nonentum of the beam when it energes
fromthe degrader is a smooth fucntion. Any peaks whi ch appear above
the snmooth curve of a degrader run can be attributed to faults of the
detectors or our analysis of the data.

Al'so the netal holder that the *°°Pb sanple was placed in, a blank,
was run. |f the beamstruck the sides of the holder, 3He m ght be
produced. By neasuring this ®He production separately fromthe *°Pb, we
can reduce the background in our data by subtracting out the *He fromthe
bl ank run.

Several runs with known reactions were run for calibration
purposes. Once peaks from pionic states are observed, an accurate
measur enent of the beam energy and di spersion of the nmagnetic
spectrograph are needed to precisely determ ne the binding energy and
wi dt h.

And finally, a beamof ?H with energy of 300MeV/u is needed,
ideally. Unfortunately, the NSCL cyclotron can only produce a beam of °H
with energy up to 200 MV/u. 200 MeV/u is below the threshold of the
reaction n(d,*He)® if the neutron is at rest. However, a neutron in the
3p orbitals of the Pb nucleus has a distribution of momenta which pl aces
it above the threshold about 45% of the tinme.[8] This situation reduces
the cross section, but makes it possible to performthis experinment at
NSCL.

Data Anal ysi s

The data taken during the experinental run requires severa
corrections and anal ysis before the pionic atomcan be found in it.
First, the data fromthe drift chanbers needs to be converted into a x
and y position. Drift chanbers operate by having a gas which when
i oni zed by charged particles drifts down and spreads out to several pads



where it is anplified and detected. Each drift chanber consisted of 224
pads. |In one event, several pads would be hit by a gaussian
distribution of signal. The centroid of the gaussian would be where the
particle had traveled. This provides an x-axis position of each event.

The y position of an event is deduced fromdrift tinme measurenents.
The particle races through the drift chanber and al npbst instantly
strikes the scintillators. This tine is registered. Then the tine at
which the signal conmes fromthe drift chanber is registered. The
di fference between these tines gives an indication of the y-axis
position of an event because the drifting in the drift chanber is at a
constant velocity. The conversion fromthis tine to an actual y
di stance nust be calibrated.

Once we have a x and y position fromthe two drift chanbers, a
correction for the optics of the S800 is performed. Using accurate
measurenents of the S800's magnetic fields, the flight paths of the
particles can be reconstructed. Doing this converts the final neasured

X, Y, 6, and ¢ back to the initial conditions at the target.

Next, the angul ar dependence of the reaction is corrected. A
numerical sinulation of the relativistic kinematic relation for severa
angl es off of the direction of the beamline. These points are a fitted
to a nmultiple order polynonial curve describing the amount of nonentum
lost to the Pb as a function of angle. Once this curve is known it can
be subtracted fromthe nonentum data taken. Thus, if we sumthe
moment um of events over all angles after the correction we can obtain a
single sharp peak for a particular reaction rather than a broad the
di stribution that woul d be obtai ned before the correction.

These anal yses, calibrations, and corrections were perfornmed for
our pion production runs. The result of this is shown in Figure 5.

This is the sumof all of our production runs w thout the blank
background subtracted. Wile it is a little noisy, there appear to be
peaks corresponding to a 1s and 2p state as well as a free pion
production region. However, these apparent peaks are proved fal se by

| ooking at a degrader run. Figure 6 is the result of a degrader run
that was perforned just previous to our begi nning of the production
runs. The two sets of peaks pointed out are at the sane regions of pads
on the detector as those of the apparent 1s and 2p states. So in al

i kelihood the same problemthat is causing the erroneous peaks on the
degrader is causing or adding to the peaks on the production run.

The source of these peaks on the degrader spectrum has been
investigated. It seens to be a problemwith the gain of several of the
pads of the first drift chanber. However, as of the conpletion of ny
tine here this probl em has not been resol ved.

Once this problemis corrected, the true nature of the peaks on the
pi on production spectrum can be determ ned. Then several other things
need to be done. Portions of these processes we conpl eted before the
search for a cause and correction of the probl em superceded ot her work.
The calibration of the dispersion of the spectrograph, an accurate
determi nation of the beam energy, a subtraction of normalized bl ank
runs, the Al reaction, the assignment of observed peaks to pionic states,
and a determ nation of the state widths can still to be done.



I n concl usion, deeply bound pionic states have not yet been found
in the data taken during June '99 at the NSCL. However, these states
nm ght be found once what appears to be a detector problemis corrected,
and we are fully confident in the source of any peaks.
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Figure 1: States observed by Stopped Pion Method.

Figure 2: New net hod of popul ating Pionic States.



Figure 3: Results of GSI ‘98 and ' 96 experinments. 1998 is above.



Figure 4: S800 Magnetic Spectroneter.



Figure 5: Pion Production Results. On a scale of energy(Binding
Ener gy) .



Figure 6: Degrader Run. Left peak corresponds to 2p. R ght peak
corresponds to 1s.



