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Measurement of the proton-carbon bremsstrahlung cross sections at 2.135 MeV:
Testing soft-photon approximations
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The proton-carbon bremsstrahlung (p ' Cy) cross sections as a function of photon energy have been
measured at the incident proton energy of 2.135 MeV for two proton scattering angles: one at 155' and
another one at 175'. We have extended the range of photon energy up to about 1.7 MeV, which is near
the maximum photon energy, in order to study all possible resonant structures. Two resonant structures
have been observed in the bremsstrahlung spectrum. The first is identified as the structure due to the
1.7-MeV elastic p

' C scattering resonance and the second is attributed to the 0.5-MeV resonance. These
measured p

' Cy spectra with the detailed information about the resonant structure have been used to
test the range of validity of various soft-photon approximations. We have found that our data can be de-
scribed by a special two-energy-two-angle approximation, which depends on one elastic T matrix evalu-
ated at the initial energy (or total energy squared) and another elastic T matrix evaluated at the final en-

ergy, but the approximation is free of any derivative of the elastic T matrix with respect to energy or
scattering angle (or momentum transfer squared). Our study also shows that the resonant structure pre-
dicted by the one-energy —one-angle approximation disagrees with the experimental data.

PACS number{s): 25.40.—h, 12.20.Fv, 13.40.—f

I. INTRODUCTION

It was pointed out in a previous paper [1] that precise
measurements of the proton-carbon bremmstrahlung
(p

' Cy) cross sections with all information about any
resonances present, their position in the photon energy
spectrum and their width, can provide a very sensitive
test of various soft-photon approximations. In this pa-
per, we wish to report measurements at the incident pro-
ton energy of 2.135 MeV for two scattering angles and to
show that our data can indeed be used to differentiate
among various soft-photon approximations.

The p
' Cy process has been studied with great interest

both experimentally [2—5] and theoretically [1,6—9] dur-
ing the past fifteen years. In addition to the investigation
of the off-shell effects, the other reasons for studying this
process can be summarized as follows: (i) to measure the
p

' Cy cross sections as a function of photon energy near
an elastic p

' C scattering resonance and to verify experi-
mentally the existence of the resonant structure in the
bremsstrahlung spectrum, (ii) to study the range of validi-
ty of Low's original soft-photon approximation [10] and
the Feshbach-Yennie approximation [6,11] and to see if
these approximations can be used to describe the p

' Cy
cross sections in the energy region of a resonance, and
(iii) to extract from the data the nuclear time delay which
can be used to distinguish unambiguously between direct
nuclear reactions and compound nuclear reactions. The
combined experimental and theoretical studies turn out
to be very successful, not only that the resonant struc-
tures near both the 1.7-MeV and the 0.5-MeV elastic
scattering resonances have been observed but also that a
delay time of order of 10 second has been extracted

from the experimental data. However, all experiments
performed in the past measured the p

' Cy cross sections
only in the soft-photon region since the bombarding ener-
gies used in these experiments were just slightly above the
resonance energy. No effort has been made to extend the
range of measurement up to the hard-photon region (or
up to the maximum photon energy) so that all possible
resonant structures can be studied. Measurement of all
possible resonant structures in the whole bremsstrahlung
spectrum has become an important experimental work
because, as pointed out in Ref. [1], the result of such a
measurement can be used to test the validity of various
theoretical approximations and models. We consider the
low-energy p

' Cy process an ideal process for testing
soft-photon approximations since all complications due
to the spin and magnetic moment of the proton and the
intermediate particle ' N' can be completely ignored.
These complications are irrelevant to the testing of vari-
ous soft-photon approximations.

II. EXPERIMENTAL METHODS

The experimental arrangement basically follows our
earlier setup for. the p

' Cy and p
' Oy measurements

[3,5, 12]. We detect the coincident events between scat-
tered protons and photons emitted perpendicular to the
scattering plane. Protons of 2.135 MeV from the Brook-
lyn College 3.75-MV Dynamitron Accelerator are in-
cident upon a 50-pg/cm -thick carbon foil, which is tilt-
ed 45 with respect to the incident beam. The beam,
about 600 nA, is about 2 mm in diameter. Scattered pro-
tons are detected by two silicon surface barrier detectors.
An annu1ar detector subtends a solid angle of 3 msr and
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FICz. 1. Coincident events between the final-state protons and
photons at an incident proton energy of 2.135 MeV. Each dot
corresponds to a coincident event. The p ' Cy kinematic line is
shown as the solid line. Two clusters of points on the kinematic
line represent the structures in the bremsstrahlung cross sec-
tions at 0.39 and 1.55 MeV. The huge cluster at bottom right is
from 'Na+p inelastic scattering.

has an average scattering angle of about 175'. A second
detector at 155' subtends 2 msr. Gamma rays emitted
perpendicular to the scattering plane are detected by a 76
mm X 76 mm Nal (Tl) detector located 22 rnm above the
scattering plane. Standard fast-slow coincidence circui-
try is used to give an event mode listing of the data which
is stored in an IBM PC computer for off-line analysis.
The fast-timing resolution of about 4 ns (FWHM), and ki-
nematic constraints placed on the data reduce back-
ground events to about 3%%uo of the data.

A two-dimensional plot of coincidences between pro-
ton and photon detectors was then generated for both the
175' and 155 detectors. Such a two-dimensional plot for
the 155' detector is shown in Fig. 1. The horizontal axis
of Fig. 1 represents the proton energy and the vertical
axis that of the photon. Each dot on the plot is a coin-
cident event. This plot covers the entire kinematic re-
gion, limited only by noise cutoffs at the lower end of
both the proton and photon detectors. The p

' Cy kine-
matic line, which starts at the energy of the elastic scat-
tered protons, is shown in the figure as the solid line. Be-
cause the undetected carbon recoil energy changes slight-
ly with bremsstrahlung photon energy, the kinematic line
is not exactly straight and the finite resolutions of detec-
tors make the kinematic line a band, along which the
p

' Cy bremsstrahlung events, including the clusters at
photon energies 0.39 and 1.55 MeV, can be easily seen.
The biggest cluster is identified to be the Na+p inelas-
tic scattering events from the contamination of sodium in
the target, which we estimate to be about 1%. The

Na+p inelastic scattering has a characteristic photon
energy of 0.44 MeV and serves as an independent check
of the system energy calibrations. The Compton tail
from the 0.44-MeV y rays also interferes with the p

' Cy
kinematic line at photon energies below 0.2 MeV. The
energy resolution of the photon detector ranges from 20
keV (FWHM) at 75 keV to 110keV at 1332 keV.

To get the bremsstrahlung cross section, we project
onto the proton axis those events in the kinematic band
between the noise and the Na interference region. The
background from accidental coincidences is very small
and contains no structures. The final bremsstrahlung
cross section is normalized to the corresponding p

' C
elastic scattering cross section. The major correction to
the relative cross section comes from the photon detector
efficiency. The NaI efficiency is obtained from standard
references, such as that of Marion and Young [13] and
varies from about 3% at 2 MeV to 10% at 0.5 MeV. The
attenuation of photons by detector housing, windows,
etc. is estimated to be less than 10%. A nominal uncer-
tainty in those corrections has been added in quadrature
to the statistical error to form the final error bars on the
data points.

p(p/')+' C(q/')~p(pg)+' C(qg ),
where

(2)

and

pj"= limpf
K~O

qj~= lim qfK~O

The elastic (on-shell) T matrix for the p
' Cy process

may be written as a function of two Lorentz invariants s
and t, T(s, t) Here, s is.the total energy squared and t is
the momentum transfer squared,

s=(q;+p, ) =(qf+pf)

and

The T matrix may also be written as a function of the in-
cident energy E, and the scattering angle 0 since s and t
can be determined from E; and 0. A nonrelativistic ex-

pression for the p
' C elastic scattering amplitude,

u(pf, vf )T(s, t)u(p;, v;),
with a set of resonance parameters can be found in a pa-
per by Armstrong et al. [14]. This amplitude has been
used as an input for all p

' Cy calculations in the soft-
photon approxImatIons.

The bremsstrahlung amplitude M„can be written as
the sum of the external scattering amplitude M„and the
internal scattering amplitude M„,

(4)

III. THEORY

We consider the p
' Cy process

p(p/')+ "C(q/') ~p(pP )+ "C(qg )+y(&"),

where p/' (pg) and q/' (qg) are initial (final) four-momenta
of proton and carbon, respectively, and E" is the four-
momentum of the emitted photon. When E approaches
zero, the p

' Cy process reduces to the corresponding

p
' C elastic scattering process
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and

T, —= T(s;, tz, b,, ),
Tb ——T(sf, tp, hb ),
T, =T(s;, t~, h, ),

(5)

Four external emission diagrams which determine M„
are shown in Figs. 2(a}—2(d). In these diagrams,
T„Tb,T„and Td represent four half-off-shell T matrices
which depend upon three Lorentz invariants. In addition
to s and t, a half-off-shell T matrix also depends upon the
square of the invariant mass, 6, of the off-mass-shell leg
on which the photon emission occurs. Thus, we can
define T„(x=a, b, c,d) as

q .E ' q--K pf -K ' p--E

which cannot be calculated if the elastic scattering T ma-
trix is the only input for the calculation. In Eq. (6) Z =6
is the atomic number of carbon. Since M„ is not gauge
invariant, an internal scattering amplitude M„ is required
in order to make the total amplitude gauge invariant. A
diagram which represents M„ is shown in Fig. 2(e). In
general, the exact expression for M„ is too diScult to ob-
tain. However, Low [10]has shown that the leading term
of M„can be obtained from the gauge-invariant condi-
tion

Td =—T(sf, tq, hd ),
where or

M„K"=(M +M )K"=0 (7a)

and

6, =(qf+K), b& =(q; —K)

6, =(pf+K), b,d=(p; K)—
s, =(q, +p, ), sf =(qf+pf )

t~ =(pf —p;)',

t~ =(qf —q;)

M E"=—M E" (7b)P P

To obtain the leading term of M„ from Eq. (7b},M& must
be expanded in powers of E. Such expansion is not
unique because T„(x=a, b, c,d ) can be expanded, in gen-
eral, about (S &,t, ~ ), where

x x &ZPz

a„s;+p„sf
S~~x~x a +p

In terms of these four half-off-shell T matrices, M„can
be written as

a„'t, +/3„'t,

a„'+p„'

(a)
P, qV.

q}'+ k"U
p c

p

kii~ Pt

~C
(c) p,

" q."
12C

pP, qNn
~b q,

"-k"

p. ~}i k
P, q,.

p
12c

pV. qP

q
V

and a„,P„,a„', and P„' (x =a, b, c,d ) are any arbitrary real
numbers [1]. Once the leading term of.M„ is obtained
from Eq. (7), we can combine M„and M„ to obtain the
total amplitude M„which can be written in the form

A„M„= " +B„+C„E+ (9)

As shown in Ref. [1], A„depends only on the elastic T
matrix evaluated at s

&
and t. . . while B„depends ona P

the derivatives of the elastic T matrix with respect to
s

&
and t, ~. Moreover, since A„and B„are in-

Z Z

dependent of the off-shell derivatives [i.e., the derivatives
of T with respect to 6„(x=a, b, c,d)], only the first two
terms of the expansion given by Eq. (9} can be evaluated
in terms of the p

' C elastic scattering T matrix. Thus, all
bremsstrahlung amplitudes in soft-photon approxima-
tions (SPA) have the following expression:

A
M = "+B

P ~ P (10)

(e) pP qP
12

FICr. 2. Feynman diagram for proton-carbon bremsstrah-
lung: (a)—(d) the external scattering diagrams; (e) the internal
scattering diagram.

Depending upon the choice of parameters, a„,P,a„',
and P„', these soft-photon approximations can be divided
into many different classes [1]. Three classes will be dis-
cussed here.

(a) One-energy —one-angle (OEOA) approximation.
The most general amplitude in this approximation has
the form
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A QEQA( t )
MQEQA( t )

P
p sap& a'p' K

+B„(stt, t,p) . (11)

Here, the leading term, 3„ /K, depends on the elastic
scattering T matrix evaluated at

nS;+PnSf
s =,n =1,2a+p (16)

matrix evaluated at (s &, t), and a T matrix evaluated at
1 1

(s &,t), and the second term, B„,depends on
2 2'

BT/Bs &,BT/Bs &, and BT/Bt. Here
1 1 2 2'

and

as, +psf
a+p (12a)

t = limt .&K~O

a't +p't,
a'P' t+pt (12b)

K = (E, Ett )N, P+—0, (13)

where N —= 1, E, is the incident proton energy and E~ is
the resonant energy. In addition to the position of the
resonant structure, the width of the resonant peak, I
can be predicted by the following formula:

and the second term, B„,depends on BT/ds
&

and
BT/Bt .&. Since it is impossible to find a set of
(a,p, a', p') such that B„vanishes, M„must in-
volve dT/Bs t3 and BT/dt & in this approximation. In
this work, we are mainly interested in how the predicted
resonant structure depends on the parameters a and p, so
we have used a fixed momentum transfer squared,
t —= limx ot .& [which is indePendent of a' and P', see
Eq. (3)], in all calculations. In the vicinity of a resonance,
either the 1.7-MeV resonance or the 0.5-MeV resonance,
the bremsstrahlung spectrum calculated with M„will
predict a huge resonant peak (mainly due to the B„
term which involves r)T/r)s tt although A„alone also
gives a large resonant peak). If s ttAs, . (no resonant peak
will be predicted if s

&
=s; ), the peak will appear around

the photon energy K which can be calculated, within
10%%uo error, by the following formula [1j:

and

K("' =
r

a„+p„
(E; Ez )N, —n =1,2,

n

a„+
r,iN .

n

(17a)

(17b)

(ii) If s
&

=s; and s tt As,. (i.e., P&=0 and PzAO),
then B„ in Eq. (15) will depend on r)T/ds

&
and

BT/Bt, and the calculated bremsstrahlung spectrum will
have only one (single) resonant peak for each p

' C elastic
scattering resonance. The peak will appear at

K(2)—
r

a2+ p~
(E; Ett )N, —

2

(18a)

is given by Eq. (3). By varying a„P„a2, and Pz, the am-
plitudes given by Eq. (15) predict various spectra with
one or two resonant peaks (or structures) depending on
the values ofs

& ands
1 1 2 2

(i) If s
& As;As &, ands tt As

& (i.e., P,&O,P2%0,
and P,AP2), then B„ in Eq. (15) will depend on
dT/r)s &, BT/ds tt, and BT/r)t, and the calculated

1 1 22'
bremsstrahlung spectrum will show double resonant
peaks for each p

' C elastic scattering resonance. (That
is, two peaks for the 1.7-MeV resonance and another two
peaks for the 0.5-MeV resonance. ) Applying Eqs. (13)
and (14) to this case, we have

r, = —+p rN, (14) and the width will be

where I,] is the width of the resonant peak observed in
the p

' C elastic scattering cross sections. In Low's ap-
proximation, for instance, we choose a=p= 1 and hence
the elastic T matrix is evaluated at s =(s;+sf )/2. In this
case, the predicted resonant structure will be centered at
Kr =—2(E; Ez) and the wi—dth of the resonance will be

r, =-2r„.
(b) Two-energy —one-angle (TEOA) approximation.

This approximation is a generalization of the original
Feshbach-Yennie approximation. A class of amplitude in
this approximation can be written as

M TEOA(
P aIPI & a2P2 ~

""rN
p el (18b)

A TETAS($ .t t )
MTETAS( . t t )

9 &' f'
I ~' f&S'q K

The most interesting example of this approximation is the
Feshbach- Yennie approximation, which corresponds to
a&=pz= 1 and p&=a&=0. The Feshbach-Yennie ampli-

tude (FYA) predicts bremsstrahlung spectrum with single
resonant peak for each p

' C scattering resonance at the
photon energy K =—KO=E; —ER. The width of the

peak is rFYA=r
1

(c) Two-energy —two-angle (TETA) approximation. We
shall discuss only a special TETA approximation (TE-
TAS) here. The amplitude for this TETAS has the form

The leading term in Eq. (15), A„ /K, depends on a T +BT'TA'(s, ,s;t„t,), -(19a)



45 MEASUREMENT OF THE PROTON-CARBON BREMSSTRAHLUNG. . . 335

where

g TETAS
( + )=Z "" — " ""

K qf .K (qf +pf ).K

ZT—(sf, r )
q;.K

(q;+p;)„
(q;+p;).K

pf„qf pf „( + )

pf.K (qf+pf } K

(q;+p;}„—T(s, t ) p;.K (q;+p;) K
(19b)

and

g TETAS 0P (19c)

IV. RESULTS, DISCUSSION, AND CONCLUSION

The results of our measurements are shown in Figs. 3
and 4. In these figures, the ratio of the p

' Cy cross sec-
tion to the p

' C elastic scattering cross section,

d 0'y d cTe)

dQ dQ dK dQ
(20)

is plotted as a function of EC at an incident proton energy
of 2.135 MeV for two scattering angles: one at 155 and
another one at 175'. We have extended the range of mea-
surements up to 1.7 MeV in photon energy in order to
search for all possible resonant structures. Each mea-
sured bremsstrahlung spectrum exhibits one resonant
peak at K&=0.39 MeV and suggests another peak at

The most interesting features of this amplitude are as fol-
lows. (i) The second term in each of the square brackets
in Eq. (19b) [i.e., the term involving (q;+p; )„/(q;+p; ) K
or (qf+pf )„l(qf+pf ) K] is called the gauge term since
it is required to make the total amplitude gauge invari-
ant. As shown in Ref. [9], these gauge terms represent
photon emissions from the charge of the intermediate
particle ' N'. (ii) M„ is free of any derivative of T
matrix with respect to s or t. This makes TETAS a good
approximation for bremsstrahlung processes in the ener-

gy region of a resonance. In fact, a recent study shows
that all the available p

' Cy data (and most of the qr*py
data) can be described by this TETAS approximation [9].
(iii) The amplitude M„depends on T matrix evalu-
ated at four difi'erent sets of (s, t):(s;,t~), (s; tq), (sf, tp),
and (sf, t ). That is, M„A does not depend on any
combination of s; and sf. This means that the TETAS
approximation will predict a bremsstrahlung spectrum
with a single resonant peak for each p

' C elastic scatter-
ing resonance. The peak will appear at KTE s=—Ko and
its width will be I„=—I,&.

It is clear that different approximations predict
different spectra. More precisely, the predicted resonant
structure will be quite difFerent for difFerent approxima-
tions. Thus a precise measurement of the resonant struc-
ture (its position and width) can provide a very sensitive
test of various approximations.

K =1.55 MeV. In the subsequent discussion, we will

refer to both of these peaks with the understanding that
the experimental evidence for the existence of the 1.55-
MeV peak is weaker than that for the 0.39-MeV peak.
The 0.39-MeV peak is identified to be the structure due to
the 1.7-MeV elastic scattering resonance while the 1.55-
MeV peak is identified to be the strucutre due to the 0.5-
MeV elastic scattering resonance. No other resonant
structure has been found in the entire photon energy re-
gion. These measured spectra are compared with the
theoretical predictions calculated in the OEOA approxi-
mation, the TEOA approximation and the TETAS ap-
proximation. The results and implications of the com-
parison can be summarized as follows.

(i) The observed peaks at K =0.39 and 1.55 MeV can-
not be described by any OEOA approximation with the
elastic T matrix evaluated at s & (i.e., any linear combina-
tion of s; and sf ). The first peak predicted by this ap-
proximation will appear at, using Eq. (13),

10

2.155MeV
155

(a}

—TETAS

8-)
le

I

ti) fr o~

Cll 10 0) --- FYI
FV2

'e J,~~, ,

I
I

8- I

I

I6-
I

I!.. (

j Pl:
2 X .$ ')I

QJ(

O.5 f.O

—- LOW I--- LOW2

K(MeV)

(b)

(c)

2.0

FIG. 3. The p
' Cy cross section relative to the p

' C elastic
scattering cross section as a function of photon energy at an in-
cident proton energy of 2.135 MeV for the scattering angle of
155'. The experimental data are compared with the theoretical
predictions calculated in (a) the TETAS approximation using
Eq. (19), (b) the Feshbach-Yennie approximation, Eq. (25) (for
the dashed curve, FY1) and Eq. (26) (for the dotted curve, FY2),
and (c) Low's approximation using Eq. (23) (for the dash-dotted
curve, LOW1) and Eq. (24) (for the dash-double-dotted curve,
LOW2).
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E = (E, —E„)X,

(2. 135—1.734) MeV
13

=0.37 MeV, (21)

PXO, and the second peak at

(2. 135—0.461) MeV
P 13

= l. 55 MeV,

A OEOA($ t )MLowl (s t )p S11& K
(23)

IO

2.I55MeV
I75

rather than at K& =0.39 and 1.55 MeV, respectively, as
observed in this experiment. For example, if we choose
a =P= 1 and evaluate the elastic T matrix at
s» =(s;+sf )/2, then the first peak will be predicted at
0.74 MeV in the bremsstrahlung spectrum; the second
peak, at 3.1 MeV, is kinematically impossible. As shown
in Figs. 3(c} and 4(c), our exact calculation using the
OEOA amplitude confirms this prediction. In these
figures, LOW1 represents the calculation using the lead-
ing term of Eq. (11) with a=@=1 and t & =t,

and LO%2 represents the calculation using the complete
amplitude given by Eq. (11)with a=P=1 and t .& =t,

g OEOA(S t )M" (s i t)= " +B„(s» t) . (24)

The giant peak (predicted by the LOW2 approximation
at 0.74 MeV) comes from the B„ term which involves
BT/Bs». It is true that if we choose a =0 or P))a, then
(a+P)/P —+ 1 and two peaks will be predicted at 0.37 and
1.55 MeV in the bremsstrahlung spectrum. However, the
width and shape of these predicted giant peaks disagree
drastically with the width and shape of the small peaks
observed experimentally. This fact has already been
pointed out in Ref. 1.

(ii} As shown in Figs. 3(b) and 4(b), the positions (in
photon energies) of two observed resonant peaks can be
correctly predicted by the Feshbach-Yennie approxima-
tion even though the width and height of the 0.37-MeV
peak disagree with the data for the 175' case. The
Feshbach- Yennie amplitude depends on one elastic T ma-
trix evaluated at s, and t, T(s;,t), and another elastic T
matrix evaluated at sf and t, T(s&, t ). In Figs. 3(b) and
4(b), FY1 represents the calculation using the leading
(principal) term of Eq. (15) with a, =Pz= 1 and

4 =&2=0

2 TEOA($ S . t)M" '(s s t)=
p, )0 fl E (25)

and FY2 represents the calculation using the complete
amplitude given by Eq. (15) with a, =P2 = 1 and

p, =a2=0,

A (s;,sf', t)M" (s;,s 't)= +B (s, ,s;t) .

—TETAS

I
g

fl' ~4~ 't

(b)

b 2-

~ ~

)
I ~

II., maw Ff/
~ o ~ ~ ~ F f2

r-MSm+-~"" 4
~ g W

I

t8- 4

i

6i I fi

/ lj
!

I

o.s f.O
0
0

K(Mev)

(c)

-'- LOW I-"- LOW2

2.0

FIG. 4. Same as Fig. 3, but for 175'.

(26)

For both the 155' and 175' cases, the agreement with the
data is better only if the amplitude Mz"' is used in the
calculation. This implies that the 8„ term which de-
pends on BT/Bt may give poor results in the energy re-
gion of a resonance for some cases. Our study also shows
that other TEOA amplitudes which depend on any linear
combination of s; and sf cannot be used to describe the
resonant peaks observed experimentally. Reasons are as
follows. [For details, see the discussion given in (b) of
Sec. III.] Since only one single peak in bremsstrahlung
spectrum has been experimentally observed for each elas-
tic scattering resonance (i.e., double peaks do not exist),
the TEOA amplitude which could be used to describe the
data should depend on an elastic T matrix evaluated at s,
and t, T(s, , t) Furthermore, . from the position and width
of the observed peaks, we can conclude that the arnpli-
tude must also depend on another elastic T matrix evalu-
ated at sf and t, T(sf, t). To understand the last point,
let us use the 0.39-MeV peak as an example. If we take
K to be 0.39 MeV from the experiment, then Eq. (18a)
gives

&Z+P2
0.39=0.37
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since (E; E—
tt )N=0. 37 MeV [see Eq. (21)]. Solving Eq.

(27},we find

—=0.05, (28)

which is consistent with ctz/Pz=O or txz=O and Pz&0.
Remember that Eq. (18a) is only a good approximation
for finding the value of K~, it is not an exact formula. If
we use az/Pz=0. 05 in a TEOA amplitude, then the am-
plitude which depends on t)T/t}s

&
would give much

2 2

higher peaks with wider widths, in disagreement with ex-
periment. On the other hand, if we choose az/Pz=O,
then the amplitude would be independent of BT/Bs

2 2

and a smaller peak, which is in better agreement with the
observed one, would be predicted by the amplitude. This
implies that we should choose az=O and PzAO. In other
words, the Feshbach- Yennie amplitude is the best ampli-
tude in the TEOA approximation.

(iii) The spectra calculated in the TETAS approxima-
tion [using the TETAS amplitude given by Eq. (19)] are
shown in Figs. 3(a) and 4(a). From these figures, we can
find that the positions of two observed resonant peaks
can be described by the TETAS amplitude [i.e., the am-
plitude M„given by Eq. (19a)] and the spectra pre-
dicted by this amplitude are in much better agreement
with the data than those spectra predicted by other am-
plitudes. Although the amplitude M„" ' defined by Eq.
(25) is also a good approximation, as we have already dis-
cussed in (ii), there is a substantial difference between
M E and M . The amplitude M + belongs to the
TEOA approximation. It is the leading term of Eq. (15)
with at=Pz= 1 and P, =az=0. Since the second term,8„,does not vanish in general, the amplitude M„" '

has ignored an important contribution from this second
term without justification. In fact, a large contribution
from the 8„ term is found in the 175' case. This can
be seen from Fig. 4 if we examine the difference between

the spectra predicted by the amplitude M" ' and the
spectrum predicted by the amplitude M„" [Eq. (26}].
The amplitude M„,on the other hand, does include
the 8„ term, the second term, but its contribution is
identically zero. It should be emphasized that the good
agreement between the experimental data and the
theoretical predictions calculated with the amplitude
M and M ' supports the argument that the best
amplitude for a bremsstrahlung process in the energy re-
gion of a resonance is the amplitude which is free of
terms involving t}T/t}s and dT/dt [9].

In conclusion, we have measured the p
' Cy cross sec-

tions as a function of E at 2.135 MeV for the scattering
angles of 155 and 175'. By extending the range of pho-
ton energy up to 1.7 MeV, which is near the maximum
photon energy, we have found two resonant peaks at 0.39
and 1.55 MeV. These peaks are identified as due to the
elastic p

' C scattering resonances at 1.7 and 0.5 MeV, re-
spectively. These measured cross sections with two reso-
nant peaks have been used to test various soft-photon ap-
proximations, including the OEOA approximation, the
TEOA approximation, and the TETAS approximation.
The result of our test shows that the data can only be de-
scribed by the two-energy approximation which depends
on s, and sf separately but not on any linear combination
of s; and sf. The best two-energy approximation is found
to be the TETAS approximation which is free of any
derivative of the elastic scattering T matrix with respect
tosor t.
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