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potential shape (due to diffusion mixing at the Al-
Cu boundaries) would result in changes of level
position and width, but not in reduced resonance
amplitudes. Thus, a slight blurring of the poten-
tial boundaries by -80 A would eliminate the
small mismatch (by 2%) of theoretical and experi
mental level spacings in Fig. 3. A variation in
layer thickness of -3% is, however, insufficient
to account for the reduced resonance amplitudes.
Microscopic density fluctuations of surface micro-
roughness would give rise to disorder scattering
and, consequently, coherent-beam attenuation,
similar to "absorption'* (including nuclear cap-
ture and thermal inelastic scattering). Calcula-
tion shows that an enhancement of "absorption"
in pure Al by a factor of -10'-10' could explain
the data, but such strong scattering is unlikely to
exist.

The optical analog of the double-hump potential
barrier is the well-known Fabry-Perot interferom-
eter. Thus, the present results indicate that a
neutron Fabry-Perot interferometer with a reso-
lution of 10 ' eV is feasible.
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Photoproduction of the D have been observed where the D decays via D' 7r D and
the D decays via K ~+ and K, n+~ . The D +, D mass difference and the D mass ob-
served here are in excellent agreement with previous measurements of charmed mesons
produced in e e annihilations. The photoproduced D and D signals are produced
nearly equally at the level of about 100 nb/nucleon.

PACS numbers: 14.40.Pe, 13.60.Kd

We report on the observation of the D*' (D*-)
produced in the wideband neutral beam at Fermi-
lab. Both this beam and our detector have been
described in a previous Letter. ' Our exposure
consisted of approximately 6 &10"photons with
an energy greater than 50 GeV incident on a 2-
cm-long scintillator target. The particles emerg-

ing from these interactions were analyzed by a
large-acceptance magnetic spectrometer system
(multiwire proportional chambers) which includes
two multicell Cherenkov counters with pion threh-
olds of 6 and 12 GeV, a large lead-glass array
for neutral detection, and a hadron calorimeter.
The data described here were recorded under a
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trigger requiring at least 3 tracks in the spec-
trometer and a minimum energy deposition of 75
GeV in the hadron calorimeter. A nonnegligible
number of events collected under this trigger are
K, or neutron induced rather than photon induced;
approximately 25% of the data were taken with 6
radiation lengths of lead inserted into the neutral
beam in order to measure the contribution of
this hadronic background.

Within a range of momentum from 6 to 22 GeV/
c, charged kaons and protons are separable from
pions, while kaons are separable from protons
and pions in the momentum range from 22 to 44
GeV/c. For the purposes of this Letter, charged-
kaon candidates are only required to be unam-
biguous with pions and thus can lie in the full
momentum range from 6 to 44 GeV/c. K, candi-
dates are selected from two track P candidates
with vertices downstream of the target but with a
momentum vector which intersects the overall
interaction vertex. In order to reduce the A'
contamination we require the reconstructed P
mass to lie within 15 MeV/c' of the K, mass,
and require that the track with the larger momen-
tum is inconsistent with being a proton or anti-
proton. Our absolute mass scale is determined
by calibrating the J/t/r, K„and Ao to their known
masses.

In a previous Letter' we reported on the obser-
vation of De (De) mesons decaying into Kw, ob-

served among 520000 events which contain both
a K' and K candidate. In an effort to study the
photoproduction of charmed mesons in a more in-
clusive and model-independent way, we have
analyzed 9.8 ~10' events containing at least one
charged kaon or K, candidate. In order to avoid
unwieldy notation in the discussion which follows,
reference to a given state will always imply a
reference to its charge conjugate.

The advantages in searching for the D* pionic
cascade with the D*', D mass difference variable
rather than the D*' mass are illustrated in Ref.
2. Figure shows the M~-, i~+ —M„-,+ mass dif-
ference distribution obtained in our data for all
K v'v' combinations with [Fig. 1(a)] 1.800
&M~-, + &1.825 GeV/c', [Fig. 1(b)]1.850 &M~-„+
&1.875 GeV/c', and [Fig. 1(c)] 1.900&Mz-„
&1.925 GeV/c'. The only requirement for a com-
bination's entry into Fig. 1 is that the kaon must
be identified by the Cherenkov system. A clear
enhancement is observed at a mass difference of
about 0.1455 GeV for events with 1.850 &M~ +

&1.875 GeV/c'. We attribute this enhancement
to the process D*'- 7T'D' —7t'K &', where the
K 7t' invariant mass is consistent with the known
D' mass of 1.863 GeV/c'. The position of the
mass-difference peak is found to be in excellent
agreement with the observed M~g+ —M~ of 0.1453
+ 0.0005 GeV/c' measured by Feldman, et af. ,

'
while the width of the peak is consistent with our
experimental re solution.

The shaded portions of Fig. 1 show the appro-
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FIG. 1. Mass-difference distributions Q =M&+„~~~
—Mx~ &) for combinations satisfying (a) 1.800& ~~ ~

&1.825 GeV/c, (b) 1.850&ME+„+&1.875 GeV/c, and
(c) 1.900 &M&+~+ & 1.925 GeV/c . The shaded distribu-
tion shows the 4 distribution obtained for K, -minus-
neutron background runs. We have multiplied the back-
ground by 2.35 to normalize the flux to the photon runs.
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FIG. 2. Mass-difference distribution (A = Mz iI+7) -7I+
—Mg ~+~-) for combinations satisfying (a) 1.800
&M& „+„-~1.825 GeV jc, (b) 1.850&M& ~+~- &1.875
GeV/c, and (c) 1.900&M+ ~+~- &1.925 AeV/c .
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priately normalized mass-difference distributions
obtained in the K, -minus-neutron background
runs. The absence of any enhancement in the
shaded portion of Fig. 1(b) demonstrates that the
D*+ signal is predominately photoproduced.

Figure 2 repeats this exercise for the decay
sequence D"+-&'D' -m'K, &'m . Because of the
larger combinatoric background for this signal,
we only include events with less than eight visible
tracks. Again, there appears to be a narrow en-
hancement at a mass difference of 0.1455 GeV/c'
for those events with M~ „+,— consistent with the
mass of the Dp. Figure 3 shows the K & [Fig.
3(a)] and K, v+n [Fig. 3(b)] invariant-mass dis-
tributions for combinations within the D*+ —D'
mass-difference peak. The curves drawn on Fig.
3 are fits to these mass spectra consisting of a
Gaussian signal peak over a smooth exponentially
falling background. The fit finds 143 +20 signal
events at a mass of 1.860 + 0.002 GeV/c' and a
width of o= 0.010+0.002 GeV/c' for the K &'

signal of Fig. 3(a), and 35 + 13 signal events at
a mass of 1.869+0.004 GeV/c' and a width of o
=0.012+0.003 GeV/c' for the K, ~'v signal of
Fig. 3(b). Both signals have a width comparable
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FIG. 3. (a) ~m invariant-mass distribution for combi-
nations satisfying 0.1425 &6 &0.148 GeV/c, (b) X 7t

invariant-mass distribution for combinations satisfying
0.1445 &b, &0.1465 GeV/c .

to our experimental mass resolutions. The mass
centroids are in good agreement with the previous-
ly measured D mass of 1.8633+0.0009 GeV. ' We
estimate that systematic mass-scale shifts for
the D' signal should be less than 5 MeV/c. '

ln addition to studying the (K 7t ')~' channel as
discussed above, we have looked for enhance-
ments in the nonexotic (K+w )n+ channel. An en-
hancement in the M~+„-„+—M„+,— mass-differ-
ence distribution near 0.1455 GeV/c' could arise
from the conjectured O'-D' mixing process, ' or
the presence of b,C = -bS double-Cabibbo-sup-
pressed decays. No enhancement was observed
in the nonexotic channel, thus allowing us to con-
clude that the fraction of times that a D decays
into a K via K'r rather than K r' is less than
ll /p (90/p confidence limits), which can be com-
pared to the 16 upper limit quoted in Ref. 2.

We find that the ratio of photoproduced D*' to
D* signal events is 1.4+0.4. From this observa-
tion we conclude that D mesons are predominantly
produced in pairs in our data. Figure 4 shows
some measured inclusive properties of our D~+

signal which bear on its production mechanism.
The data points and error bars of Fig. 4 are ob-
tained by fitting the Km invariant-mass spectrum
(subject to cuts on the D*+ —D' mass difference)
for every bin in the given inclusive plot. The
plots have not been corrected for variations in
the D*+ detection efficiency.

Figure 4(a) shows that the bulk of the D*+ signal
appears in events with a total visible (charged
and neutral) energy of 75 to 100 GeV. The fall-
off of this distribution at low energies can be ex-
plained by acceptance considerations while the
high-energy falloff partially reflects our steeply
falling photon spectrum. ' Figure 4(b) showing the
fraction of total visible energy carried by the D*+
shows that the majority of D*+ events are con-
sistent with having =—,

' of the visible beam energy,
while Fig. 4(c) shows that the bulk of the signal is
observed to have a P,' of less than 1 GeV2/c2.

We see that the data appear consistent with
models where the D*+ is produced in association
with another D or D* via the decay of a diffrac-
tively photoproduced, low-mass (4 to 5 GeV/c')
parent. We have used such a model to estimate
the spectrum-averaged total D~+ inclusive photo-
produced cross section for photons over 50 GeV.
We assume that the cross section is independent
of energy above 50 GeV and that the recoil D or
D* decays isotropically via either of two statisti-
cal models, 4 constrained to roughly reproduce the
observed multiplicities of D decays. Varying the
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for the nuclear correction. Using the measured
values" of 0.60+ 0.15 and 0.026*0.004 for the
D*+-r+D and O'-K & branching ratios, we
conclude that o» ~g,z ——118a 49 nb/nucleon. The
ratio of the O'-K, r'7t to the O'-K r' branch-
ing ratio is found to be 1.7*0.8 in our data com-
pared to 1.15+0.3, the value presented in Ref. 6.

Fina. lly we estimate the fraction of LP events
arising from D*+ pionic cascades. A fit to the
completely inclusive K r invariant-mass spec-
trum (not shown) reveals an =3-standard-devia-
tion excess of 660 + 230 events over a background
of =33 000 events at the D' mass. This would

represent an inclusive D' cross section of 295
+ 130 nb/nucleon, in good agreement with Ref. 1,
and indicates that 0.24'0,", of photoproduced Do' s
come from D*+- w'D'. '
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ies, the University of Illinois, and Fermilab for
their support in the preparation and completion
of this experiment. This work was supported in
part by the National Science Foundation and in
part by the U. S. Department of Energy.

I—
~z' 50—

20—

10—

Q40 0.80 l.20 l.60 2.00
pi2(Gev2/C2)

FIG. 4. Inclusive properties of the photoproduced D'

signal. These distributions are uncorrected for varia-
tions in acceptance Eyj8 is the sum of the visible
charged and neutral energy seen in our apparatus.

parameters of our model within the limits im-
posed by the data of Fig. 4 changes the acceptance
by less than 10%. Based on the 6% average de-
tection and trigger efficiency obtained in this mod-
el, we find that

r(D* -v'D') r(D'-sc ~')
r (D*+—all) r (D' —all)

= 1.8 + 0.6 nb/nucleon,

where we have assumed a linear A dependence
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The photoproduoed D +/D ratio of 0.4+&'. io implied
here, may appear to contradict the 90%-confidence-limit
upper limit on this ratio of 15VO reported in Ref. 1. The
data of Ref. 1, however, gives the D'+/Do ratio for
events with two charged kaons in the final state~ re-
quirement which would suppress possible D + contribu-
tions from processes such as yC-D*+D X because of
the small (0.16+ 0.04) fraction of D events decaying
into final states containing a & (see Ref. 5).

1312


