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We present results of measurements on photoproduction of p mesons. Analysis of 106

measured p events in a four-dimensional data matrix der(A, m, p, t~)/dQdm with dimen-
sions 14 x20 x10 x 20 yields precise information on nuclear density distributions for p
production. We obtain for the Woods-Saxon radii & (A) = (1.12 + 0.02)A 3 and, using the
vector dominance model, a&&=26.7 +2.0 mb and Vzt/4&=0. 67 +0.10.

We present results on the photoproduction of
neutral p mesons, '

y+A-A+p

from 14 elements: hydrogen (A =1), beryllium
(9), carbon (12), aluminum (27), titanium (47.9),
copper (63.5), silver (107.9), cadmium (112.4),
indium (114.7), tantalum (181), tungsten (183.9),
gold (197), lead (207.2), and uranium (238.1).
The measurements covered 20 intervals in the
di-pion mass (m) region from 400 to 1000 MeV/
c', 10 intervals in the p momentum (p) from 3.5
to 7 GeV/c, and 20 intervals in the transverse
momentum transfer to the nucleus (t~) from
0.0 to -0.04 (GeV/c) . These measurements
form a four-dimensional data matrix (A, m, p, t, ),
14 &20 x IO x 20, containing approximately one
million measured &+r events. The high statis-
tics of this experiment (between 10' and 10'
times more events than previous work) together
with the large variety of elements used (twice
that of previous experiments)" enables us to
make an accurate study of the following:

(1) The nuclear density distributions. For a
given A, the t dependence yields information
(to +2% accuracy) on the size of the nuclear radi-
us R(A) seen by the p meson.

(2) The absolute and relative forward p-produc-
tion cross sections do(A, m, p, t~)/dOdm. For
fixed A, p, and t&, measurement of the && spec-
tra as a function of mass alone provides a unique
determination of the p line shape and the back-
ground and hence an accurate determination of
the cross section.

(3) The p-nucleon cross section v&~ and the y-p
coupling constant yz'/4z. Measurement of the
nuclear density distributions and the production
cross sections from the 14 elements determines
the rate of reabsorption of p by nuclear matter
and the effective forward production cross sec-

tion per nucleon ~f, ~'. This yields &zN and y~'/
4s =(o'/64m)(a N /~ fo~ ) in a self-consistent man-
ner. Since the original work of Lanzerotti et al. ,

'
several experiments have been done" to investi-
gate reaction (1) in order to determine oz~ and
y&'/4s. They have obtained different results and
some of the results are different from the pre-
dictions of the vector dominance model' (yz'/4s

0 5y +pN +wN) ~

The present experiment was carried out at the
7.5-GeV DESY electron synchrotron. A brems-
strahlung beam interacted in the target and the
photoproduced pairs were detected by a large-
aperture magnetic spectrometer described pre-
viously. ' Vacuum pipes and helium filled bags
were placed inside the spectrometer to reduce
miltiple scattering and nuclear absorption of
pions. The 22 500 hodoscope combinations de-
fined an event to an accuracy of &m =+15 MeV/
c', bp =+150 MeV/c, and &t~ =~0.001 (GeV/c)'.

During the experiment many precautions were
taken to ensure that the spectrometer behaved
as designed and that all systematic effects were
understood. We list the following 10 examples:

(1) To ensure that the data are not sensitive to
second order effects in the target, such as pho-
ton beam attenuation and pion absorption, we
measured the rate of reaction (1) as a function
of target thickness from 0 to 5 g/cm2 of carbon.
Within an accuracy of 1%, the corrected counting
rate increased linearly with target thickness.

(2) Accidental coincidences were monitored by
a series of duplicate logic circuits of different
resolving times and were kept below 2% by con-
trolling the beam intensity.

(3) The dead time of the electronics was moni-
tored by continuously recording the single rates
in the counters. The beam intensity was adjusted
such that the dead time was less than 2%.

(4) Nuclear absorption of pions by material in
the spectrometer was investigated by introducing
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additional material and by varying the gas pres-
sure in the Cherenkov counters. The measured
loss of & pairs agreed with calculations based
on published data. '

(5) To avoid any possible effects from spec-
trometer asymmetry, half the data were taken at
each polarity of the spectrometer The rates
from the two spectrometer polarities were iden-
tical.

(6) All counter voltages were kept constant to
+5 V and all magnetic fields were kept stable to
3 parts in 10 .

(7) To ensure that low-mass m pairs from high-
Z elements are not contaminated by e'e pairs,
Cherenkov counters were used to count and to
reject the e e pairs. They indicated that the
maximum contamination was less than one part
in 10'.

(8) To ensure the reproducibility of the data,
normalization runs were made every few hours.
Over the entire running period the system was
reproducible to +1%%uo.

(9) To keep errors from inelastic contributions
to reaction (1) small, all the data were taken
with p close to the peak photon energy k»
(t, „/p =1.2).

(10) The purity of the targets was chosen to be
better than 99.9'%%uo. The thickness of the targets
was chosen such that the corrections for beam
attenuation and for pion absorption were similar
for each element and that the target-out rates
were small.

The data were corrected for small systemat-
ic effects such as beam attenuation, target out,
nuclear absorption, dead time, accidentals, etc.
All of these corrections were checked by mea-
surement in the same spectrometer to be accu-
rate to 1%. The spectrometer acceptance was
calculated by a Monte Carlo method using fourth-

order magnet transport equations. The effects
of multiple scattering, decay angular distribu-
tion, & decay in flight, etc. were taken into ac-
count. A sufficient number of Monte Carlo events
was generated such that the errors in the cross
sections are due to statistics and small system-
atic effects alone.

To facilitate analysis and to be able to study
the dependence of the cross sections on all dy-
namic variables we have grouped the data into a
four-dimensional data matrix (A, m, p, t, ), 14
X20X10X20. Due to space limitations, data from
these 56 000 bins cannot all be presented here
but part of them will be published in a DESY re-
port. ' We present some of the characteristic
features of the data and the results of the com-
plete analysis of the data.

A projection of 2%%uo of the data onto the three-
dimensional (A. , m, t~) space for p = 6.2+ 0.2 GeV/
c is shown in Fig. 1. One observes that the spec-
tra are dominated by the p and that the p is dif-
fractively produced off the nucleus. As seen,
the mass profile varies drastically with A. and I'~,
indicating that not all & pairs are from p decay
and that there must exist an appreciable nonreso-
nant background which depends on &, m, and ~&.

A projection of 5% of the data onto the (&, m)
plane~ for (p) =6.0 GeV/c is shown in Fig. 2. As
seen, the width and shape of the spectra (full
width at half-maximum) vary considerably from
low-A to high-A elements. This is further evi-
dence that the nonresonant background depends
strongly on A. and m.

Following the principles outlined above and the
conclusion drawn from Fig. 1, that the» spectra
are dominated by p production, we analyzed the
complex nuclei data in the following manner:

The four-dimensional data matrix do(A, m, p,
t~)/dQdm was fitted by a theoretical function of
the form

40' 1 ~(A, m, p, t~) =—p'2mB„(m)(f~+f;„, )+f~o(A, m, p, t~). (2)

The first term represents the main contribution from p photoproduction and the second term the con-
tribution due to a nonresonant background;

f.=f.(&, t. , t)(, o, &) =(o'/o)'I»f. j dbj „«b&.(b&It. I) exp(t«lt((I)p(z, b)

x exp[--,'o'(1-iP) j p(z', b)dz']I'

o' = cr(1- ]go), t' = 1/16ma jexp(-b'/4a)g(b, z)d bdz,

q= q(o) = jexp[-2oT(b)]Q(b)d'b(jexp[-2 oT(b)]T(b)d'b)

Q(b) =j „p'(b, z)dz, T(b) = j p(b, z)dz, o=o N, a=8 (GeV/c) (3)
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FIG. 1. The cross section Z =do'/dQdm fpb/sr (MeV/c2) nucleon) as a function of m (MeV/c2) and t~ in units of
-0.001 GeV2/c' forp =6.2+0.2 GeV/c. The curves are the best fits to Eq. (2) with It&(m). The background is not
drawn. This figure shows about 2% of the data.

f, is the coherent production cross section, '
where the p meson, produced with an effective
forward production cross section ~f0~ on a. sin-
gle nucleon, is attenuated by exp[--,'cr'(1-ip)
x I "pdz] in nuclear matter as it leaves the nucle-

Z
us. The factor p(b, z)J0(bu"~t~~) comes from the nu-
clear shape; p= p,(1+exp[(r-R)/s]) ' is the
Woods-Saxon density, where 8 is the nuclear
radius and s =0.545 F. Exp(is~lti( I) comes from
the difference in initial and final mass, and 0' is
the effective p-nucleon total cross section where
we have taken into account second order correla-
tion effects between nucleons inside the nucleus.
g is the correlation length and g(b, z) the cor-
relation wave function. ' P is the ratio of real
part to imaginary part of the scattering amplitude

on a nucleon. The value P = -0.2 was taken from
the analysis of yP total cross section measure-
ments at 6.0 GeV." f,„, is the incoherent pro-
duction cross section where the recoil nucleus is
left in an excited or fragmented state. " The in-
coherent contribution is largest for low A (= 10 /o)

and becomes negligible for A. )100. The back-
ground function fsG(A, m, P, ti) is a general poly-
nomial in (A, m, P, t~) space.

2mB, (m) are relativistic Breit-Wigner mass
distributions. To keep the results general, we
tried various commonly used forms for the Breit-
Wigner and we list the following five examples:

1 m, I'(m)

P P

788



VOLUME 24, NUMBER 14 PHYSICAL REVIEW LETTERS 6 APRIL 1970

2K}-

I
I
I I

50- p, , g, ,

I p

I III I \;,i 'Lg

/ 4

'e

Ag
U / ' I--l.p. p( „

ebo 75o ~ io'5o
hi~ (MeV/c')

100.0
JD

FIG. 2. Mass spectra after removal of production
mechanism. (Note that in the absence of background,
all spectra would be identical. }

( )
m, (m/2)'-rn,
m (m p/2)'-m, '

D yn —m
2m (m p'-m')'+m p'I'(m)'

r (m) =r(m, la),

R,(m) =r(m)(m&/m)4, R,(m) =r(m) +I(m),

R,(m) =r(m)(m~/m) +I(m), R (m) =r, (m),

R,(m) = r(m),

R,(~) is the relativistic P wave resonance for-
mula proposed by Jackson, "R,(m) is R,(m) with
a. constant width. R,(m) includes a modification
by a phenomenological "Ross-Stodolsky" term"
(m~/m)'. The factor (m~/m)' also appears in a
model by Kramer and Uretsky, "and has been
used widely to account for the shift and shape
distortion of the photoproduced p spectrum.
R,(m) represents another commonly accepted
procedure to account for the mass shift and
shape distortion by a "Soding" interference term
I(m), "whose magnitude D is determined by the
fit. R,(m) assumes both mechanisms to be pres-
ent.

Comparison of the 56 000 data bins in the four—
dimensional measured cross-section matrix with
the theoretical function (2) enables us to deter-
mine directly the parameters m, I'„o ~, R(A),

If. I', «.(A)/d/I „=,.
The fitting was done with the CERN program

MINUIT. " To reduce the contributions from the
incoherent term f,„, and the background, we

selected data in the region It, I
&

I t, I
with f,

= —0.01 (GeV/c)', 5.0 &p & 7.0 GeV/c, and m &I,
with m, = 600 MeV/c'. Thus we restricted the
data to the region where most of the 7t pairs come
from coherent p production. The determination
of the various parameters can be visualized sim-
ply in the following way:

(1) To determine the background function f8~ (A,
m, p, tJ: Fits were made with and without a back-
ground term of the form

fBo(A, m, p, t~)= Z al(A)m Z b (A)p~

~IS'5

n

x Z cl, (A)t,

The goodness of fit improved considerably for
l=2, m=n=o (see Fig 1). Thereafter no im-
provement was noticed by increasing l, m, or n.
The results of the fits were insensitive to chang-
es in m, (+100 MeV/c') or I/, I

&0.01 (GeV/c) .
The percentage background is considerable for
low A, but decreases with increasing A and m,
being small on uranium (see Fig. 2).

(2) To determine R(A), the nuclear density pa-
rameter for fixed A: The t dependence of the da-
ta measures the diffraction pattern of m pairs off
the nucleus. Comparing the diffraction pattern
with Eq. (2) determines the radius seen by the p
meson. Table I shows the results of the mea-
surements of the Woods-Saxon radii. They are
insensitive to s, P, m„and I'„and independent of
the normalization and the vector dominance mod-
el. Being determined from neutral rho mesons,
they are free from complications of Coulomb in-
terference. The data yield R(A) = (1.12+0.02)A"'
F which is the most accurate determination of
strong-interaction nuclear radii to date. " Qur
radii are to be compared with those determined
from electron scattering [R(A)=1.08A'~' F]."
A full discussion on the radius determination is
to be presented in a later paper.

(3) To determine m and I"„ the mass and width
of p: For fixed A, p, t„a comparison of Eq. (2)
with the mass dependence of do/dK'/dm measures
directly the mass and width of the p. Independent
of the form of the mass distribution used, the
width I, = 140 + 5 Me V/c'. Table I shows the fit-
ted results for rn . The mass nz varies from
740 to 775 MeV/c', depending on the exact forms
of R, (m) used. The best fit values from R. . .(m)
yield nv = 765+10 MeV.

(4) To determine the coherent cross section
der„(A)/dtIs o, the data matrix was compared
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Table I. Summary of measured radii A(A), typical cross sections Z~ = do/dt (6 = 0', tll = —0.002, p = 6.64)
[pb/(Gev/c) nucleonj, )( (A)/&iP'(A), Ifpl, a'&~, andy& /4'. The cross sections do not include an un-
certainty of +5% due to the normalization of the mass distribution &~ {m). The errors include uncer-
tainties in&(A), m& Ip and fsG.

Beryl 1ium

Carbon

Aluminium

Titanium

popper

Silver
Cadmium

Indium

Tantalum

Tungsten

Gold

Lead

Uranium

R (A)

2.35 + 0.26

2.50 + 0.2$

3.37 + 0.16

3.94 + 0.10

4.55 + 0.11

5.35 + 0.09

5.40 + 0.14

5.56 + 0.25

6.50 + 0.15

6.30 + 0.12

6.45 + 0.27

6.82 + 0.20

6.90 + 0.14

627 + 31

772 + 52

1322 + 63

1796 + 78

2099 + 11S

2591 + 79

2636 + 93

2696 + 90

2938 + 154

2925 + 140

2948 + 128

3112 + 93

3070 + 93

652 + 50

800 + 50

1279 + 51

1706 + 66

2102 + 68

2585 + 73

2583 + 74

2634 + 74

2900 + 131

2877 + 75

2966 + 147

3167 + 76

3035 + 58

678 + 20

822 + 40

1348 + 36

1749 + 44

2179 + 60

2631 + 61

2662 + 60

2713 + 50

2980 + 124

2959 + 76

3017 + 69

3234 + 59

3144 + 45

628 + 20

767 + 31

1319 + 46

1760 + 102

2203 + 77

2725 + 139

2801 + 90

2801 + 157

3049 + 180

3045 + 112

3118 + 103

3368 + 174

3235 + 91

581 + 59

692 + 101

1287 + 87

1622 + 84

2137 + 196

2594 + 177

2584 + 113
2651 + 115

2903 + 199

3035 + 229

3025 + ill
3165 + 161

3144 + 114

X (A)/DF(A)

mp ( Ne, V/c )
I &, I +-b/((* &/c)

Pyf, N (mb)
tI'p /4 IK

1.2

765 + lO

118 + 6

773 + 10

120 + 7.4

26. 7 + 2.0 27. 7 + 1.7

765 + 10

125.3 + 9

27.9 + 2.4

~ 1.5
743 + 10

112 + 6

24.5 + 1.9
0.57 + 0.10 0.59 + 0.08 0.58 + Q. ll 0.50 + 0.09

742 + 10

103 + 10

23.5 + 2.5

O. SO + 0.11

with Eq. (2), inserting the measured values of
R(A), m~, I"p, and BG Table I s. ummarizes
some typical cross sections Z = (do /dt)(0 =0',

0.002, P = 6.54) with k,„=7.4 GeV; the in-
dex n refers to the mass distributions R (m)
used to fit the data. The errors in the cross sec-
tions include uncertainties in R(A), m~, I'„and
f&o. Also listed are typical values of )('(A)/
DE(A) for all the fits. Both the "Ross-Stodolsky"
R, (m) [with )('(A)/DE(A) =1.2, see Fig. 1] and the
"SMing" R, (m) and R, (m) yield decisively better
fits to the data and we choose them as our best
results. Fig. 3 shows the results for Z, .

(5) To determine o'&z, lfpl, and yz'/4w the
cross sections were compared with Eq. (3) in-
serting P= —0.2 and our measured values of R(A).
The results corresponding to the various Breit-
Wigner forms R (m) are listed in Table I. These
values are seen to be consistent with each other
and we choose representative values based on Zy
which are

280. -

E0

260--

)
240"

OJ
220--

0
II

180--

IO
I I

Be C

QATA

FIT

I' '
I

Ti Cu

IOO A

AqC~dn MWAuPbU

OP~ = 26.7+2.0 mb,

(A = 1) = 118+ 6 I b/(Ge V/c)',dI 2. 0

FIG. 3. The values for Z& together with the best fit
to these results from which we obtain y 2/4&=0. 57

P+0.10 and OpN=26. 7 +2.0 mb.
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y, '/4m= 0.57+0.10

(see Fig. 3).
We consider the following to be improvements

compared with earlier work". (a) This experi-
ment has such good statistics that it enables us
to make a more detailed measurement of the
background, the p line shape, the nuclear physics
parameters, etc. than was previously possible.
(b) This experiment used twice as many elements.
In particular, there are eight elements with A
)100 compared with one or two elements of pre-
vious experiments, The large amount of heavy-
nuclei data enables us to obtain reliable results
with the Margolis model' which applies best to
heavy nuclei. (c) The effects of the real part of

P and nuclear correlations are included in the
analysis.

We present the following examples of consis-
tency checks made to the data (Table I) and anal-
ysis:

(1) The directly measured cross sections d'o/
dQdm agree with the values obtained by Asbury
et al. '

(2) To ensure that our results are not sensitive
to the nuclear physics of light nuclei, we have
analyzed the A dependence by eliminating the da-
ta on Be, C, and Al. We also analyzed the data
by systematically eliminating each element in
turn. The results did not change.

(3) We have fitted various selected subsets of
the data with restricted m, P, t ranges. The re-
sults were in good agreement with all values
quoted.

(4) We analyzed the data with a large set of
Breit-Wigner mass distributions and the results
were consistent with each other (five examples
are listed in Table I).

(5) A change in s (=0.545 F) of +10% changes
the results by &2%.

(6) A change in P of +50% changes y~'/4m by
10% and changes R(A) by &1%. A change in R(A)
by 5 /o changes a&N by 1.0 mb.

(7) The measured radii R(A) =(1.12+ 0.02)A'" F
are in agreement with the commonly used values
of R(A) = 1.14A"' F (the latter being a. +10% val-
ue) 18

(8) The value g, i' agrees with our measured
R, cross section (do/dt) ~, ,=119+7 p, b/(GeV/c)'
at 6.0 GeV/c. "

(9) The value of y '/4m is consistent with the
independent determination from measurement of
total hadronic cross sections 0 ~ from DESY, '

from the analysis of other vector meson data
from complex nuclei by Margolis, "and with the
results of Asbury et al.'"

Conclusions: (I) This experiment provides a
measurement of the strong-interaction nuclear
density parameters. (II) The measured p-nucleon
cross section agrees withthe g-nucleon cross
section in the same energy region (=25 mb).
(III) Comparing our values for y '/4m with the
value determined from p-e'e decay" of
0.52',0 cc,

' we conclude that to an accuracy of +20%,
the p-photon coupling strength does does not de-
pend on m, the photon mass, in the range 0
&m &m . (IV) The results on y 2/4w and o

are in good agreement with the predictions of
vector dominance model. 4
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We present results on the determination of a set of strong-interaction nuclear radii
using the photoproduction of neutral rho mesons. Analysis of 106 events from 13 com-
plex nuclei yields the Woods-Saxon radii B(A}= (1.12 +0.02)A» fm.

In recent years considerable theoretical' and
experimental '3 effort has been made using nu-
clei as a tool to study elementary-particle phys-
ics. Attempts have been made to study the prop-
erties of elementary particles (stable and un-
stable) interacting with nuclear matter, such as
the rho-nucleon cross section, the vector-dom-
inance model, etc. A knowledge of the nuclear
density distribution is essential in order to make
a quantitative comparison between theory and ex-
periment and to extract physical quantities from
the data. To date, the nuclear density distribu-
tions have been assumed to be those determined
from electron' or proton' scattering on complex
nuclei. When using the electromagnetic nuclear
radii, one assumes that the nuclear density dis-
tributions seen by strongly interacting particles
are the same as those seen by the electron, an
assumption which has not been justified. When
using proton-scattering data to determine the
radii, the problem of interference between the
proton and the Coulomb field of the nuclei arises.
Because of the importance of obtaining a reliable
set of nuclear density distributions for strong in-
teractions, we have performed an experiment
specifically designed to measure strong-inter-
action radii with neutral particles.

This experiment measured the photoproduction
of po from nuclei, 2
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It was carried out at the 7.5-6eV DESY synchro-
tron using a bremsstrahlung beam and a mag-
netic spectrometer with a resolution of 4m=+15
MeV/c', 4p =+150 MeV/c, and 4t~=+0.001
(GeV/c)'. We have investigated 13 elements:
Be, C, A1, Ti, Cu, Ag, Cd, In, Ta, W, Au, Pb,
and U. The measurements cover 20 intervals in
the di-pion mass (m) from 400 to 1000 MeV/c',
six intervals in the momentum (p) from 4.8 to
7.2 GeV/c, and 20 intervals in the transverse
momentum transfer to the nucleus (t~) from 0.0
to -0.04 (GeV/c)'. These data form a four-di-
mensional matrix d'o'/dOdm with dimensions
(A, m, p, t~) = (13, 20, 6, 20) containing approxi-
mately 10 measured m'r events. A projection
of 2% of the data (shown in Fig. 1 of the preced-
ing Letter') shows that the spectra are dominated
by the p diffractively produced off the nucleus.

The slopes of the diffraction patterns measure
directly the nuclear density distributions. For
example, at t-0, the diffraction pattern behaves
as e" where a is a measure of the nuclear size.
More specifically, we take the nuclear density
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