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Abstract

We have studied the processes Ale, ¢y)X in nuclel, or incoherent bremssirahlung, and
determined cxpressions for the cross section in terms of the same nuclcar response
functions R, , Ry, which appear in inclusive electron scattering (e, ') in nuclei. Calcula-
tions of the cross sections are carried out using a Fermi gas model, complemented by the
local-density approximation, to evaluate the response functions. We have carried out a study
which shows that the reaction can be used to determine reliably the response funciions from
experimental data. On the other hand we have compared the incoherent bremsstrahlung
with the coherent one in order ta see the limits to the tagging technique, which produces
monochromatic photons based on the assumption of the dominance of the coherent process.
We obscrve that at energies £, <1 GeV the deminance of the cohereat process exiends to
relatively large scatiering angles, making the present techmigue completely safe. However,
as the energy of the electron increascs, the region of dominance of the coherent process is
reduced to smaller scatlering angles. These results should be of use when extending the
lagging technigue to planned or fulure clectron facilities,

1. Introduction

Ordinary bremsstrahfung (CB) in electron scattering from nuclei, 4, (e, €'y)
A,;, is a coherent process from the nuclear point of view. The nucleus does not
break and remains in ils ground state. Consequently all protons contribute coher-
ently to the amplitude and the process shows a Z? dependence. For low electron
energies compared to typical nuclear excitation energies, this process is obviously
the only one which can occur {0 produce a photon.

However, as the energy of the electron increases, and becomes large compared
io the nuclear excitation e¢nergies, there is no problem in principle to transfer some
encigy to the nucleus al the same time that a photon is produced. This would lead
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to nuclear excited levels or breakup in the continuum and it would constitute what
we call here the incoherent bremsstrahlung (IB).

There are two reasons which have led us to make a study of this process:

(i) The tagging technique to produce monochromatic photon beams assumes
implicitly that all the photons are produced in the CB. Hence, the energy of the
photon is directly given by the difference of energies between the initial and final
electron (neglecting a small nucleus recoil energy). Also the CB produces photons
in a narrow beam along the direction of the ¢~ momentum transfer.

As the energy of the e™ increases, the proportion of IB is bound to increase and
at certain energies and certain kinematical conditions il can compete or even
dominate over the coherent process. This sets the limits to the tagging technique,
since if the incoherent process dominates we de no longer know the energy and
direction of the photons.

It is thus very useful for experimental purposes to know where these limits
appear.

(ii) In the study of the IB we find that the cross section can be writien as a
linear combination of the longitudinal and transverse response functions which
appear in inclusive (e, ') experiments. The discrepancy of theoretical models with
the longitudinal response function has been a constant in time, though many
theoretical papers have been devoted to unraveling this puzzle. Recently some
more wood has been added to the fire with the measurement at BATES of the
response functions [1] which show a large discrepancy with previous determina-
tions of the longitudinal response at Saclay [2} and would be in better agreement
with standard calculations.

In view of these large discrepancies with the same type of experiment, alterna-
tive experiments which provide this information should be welcome.

Although the cross sections in IB are of the order a with respect to those in the
(e, €'} experiments, one has the advantage that one can determine the two
structure functions over a wide domain of {w, | g1) without changing the energy of
the initial electron beam, oaly playing with the energy and direction of the final
electron and photon. This is not the case in the (e, €’) experiments which Tequire
one to change the energy of the initial electron beam, with obvious experimental
inconveniences and additional problems of calibration {3].

In this paper we compare the IB to the CB for different energies of the e~
beam and different kinematical situations. On the other hand we investigate the
optimal kinematical situations where, by means of two measurements of the cross
sections, one can obtain two independent equations which determine W, and W;
with minimum error. This should serve as a guideline for experiments trying to
determine the response functions from IB.

2. Coherent bremsstrahlung in nuclei

The CB is a well-known process and a part of text books [4,5]. The Feynman
diagrams which coniribute to the process are shown in Fig. 1. The cross section is
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(2) {b)

Fig. J. Feynman diagrams for the coherent bremsstrablung.

given by
d’e

dE, d©2, dQ

=a322[F(q)]21p,||k'|[ 1

272kl 1ql* (p, k)
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lgl =lk—p,— K|,

F(q)= [d’x p(x) 7/,

2
(2y k)(py &)
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(1)

(2)

where F(q) is the nuclear form factor and the variables are specified in Fig. 1.
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Lorentz covariance and gauge invariance allows one to write
me
I we [ff q"

27 PP —g# (W 4 | PF — (Pq'f)q"][P"— (Zf)qy]ﬂ%
(5)
by means of which the cross section is given as
d*o 7 a? s .
d0,, dE,, 4EZ sin'(16) [2 sin2(40)W, + cos>(10)W,). 6)

In a frame where the nucleus is at rest and v is chosen along the z direction we
have

WS =W =W,
2 2
w lgl
W;zz o= :}-5‘ {W} -+ —QTW?_] )

W=0 (i+j) i,j=1,2,3.

(7)
Alternatively we can use the longitudinal and transverse response functions W, |
W, as
2 2
q q
WL: - ___Z_WJZZ = _EW,OG’
w 'y
Wo=Ww", (8)
and the cross section is written in terms of them as
d’c do _qz( Wyl{w, lql)
= W m,|q|)+—], 9
dﬂoui dEoul an Molllq I : L( € ( )
wilh
a?=w?—ql?
do a cos"(2
02 low 4EZ sin*(36)
Pik -
q
= [1 - 271an2(§9)] (10)

In order to obtain the hadronic iensor W™, we evaluate it for a Fermi sea of

nucleons [8,9] but use the local-density approximation to determine it in finite
nuclel. We find

i
W= - — [g? -
wzf r Im I (p(r)), (11)
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Fip. 3. Self-energy Feynman diagram of the pholon corresponding to the excitation of 4 particle-hole
pair.

where IT** is the polarization tensor of the Fermi sea due to pasticle—hole
excitation induced by an external photon, Fig. 3,

~il1*(q)
Y S _mp)i-n(pte) M M
(27) o +E(p) —E(p+gq)+in E(p) E(p+a)’
(12)
where
M 2 i
N AL [wa(qZ)m(qz)[—q( s /0 ,,]]
+4+M 2p+q)"
X}é——-ziw—— y”F,(q2)+F2(q2)[—(—%)—+’)’" (13)

By evaluating the trace of &*" and the maginary part of I7** we obtain
&’ n(p){1—n(p +q)]
(27)  E(p)E(p+q)

Im H‘“’z—fn'ezf dw—E(p+q)+E(p))

x| A,(2p"p" —l~p"q“+%q2g“"+p"q”) +A,(2p+g) ' (2p+q)
7

+ +9)Y'Cp+qg)|2- 14

As(2p+q) (2p q)[ ZMQ]}, (14)

where

A= [FP(a®) + Ff ()] + [Fi(a®) + F3(a?)]",
Ay ={~Fp(a)Fg(a?) ~ [Ep (@)} + {-Fr(a)F2(a®) - [ 2]},

A= H{[Fr(a) + [72(a)])- (15)
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Particularizing for 17% and I7** and taking the approximations in &/**
2

3K
pi=M 1+—1—0——MF—2], (p*)* = 1K2, (16)

we obtain finally

q* &k dpldlpl
Pl

aﬁafo m@a —lcos 81)@(1q+p!—Kp)F(a),

d*r K;*P"“P'
Wr=f(27r)zfo T2l E(py 21~ 1cos 0D8(la+p)—Ke)#(a),  (17)
with

wz—}q|2+2mE(p)

cos f = »
2l pilgl

2
q
am)=A1(§K,%—%q2)+A2-§K5+A3-zx%[z-— )

2M?
242 2 2
4|20 m e 2| M el 2
F | = + + —
Filg)=; Tom) T oM )? "2
3K; : 2 : q”
+A4,|2| M+ ~ 1 & +A 2| M+ + -
2 [ wom) | T ( 10M “’} 2M2]

Qur approach improves over the Fermi sea approach using a2 fixed average
momentum [9], and this procedure of using a Fermi sea, complemented by the
local-density approximation, has proved very accurate in describing processes like
4~ capture or » scattering in nuclei [10,11).

In Fig. 4 we compare our results with experiment in *®Ca using the data of Refs.
[1,2]. We have also included the effect of the Q value for the nuclear breakup, by
subtracting 12 MeV from the photon energy, which is the average excitation energy
needed to create n>%Ca or p>K. As we can see, we get a reasonable description of
Ry (defined in terms of Wy as Ry =2W,) if one recalls that we do not consider
4h excitations, which fill the high-energy part of the spectrum. Our results for R,
(in terms of W, R, = —{(|¢g|”/¢®)W_) are in disagreement with the data of Ref.
[2], like the majority of the theoretical approaches, but much closer to those of
Ref. [1].

In any case, the accuracy of the response functions is sufficiently good to make
use of them in the study of the 1B of the next section,
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Fig. 4. Response functions: comparison between experimental (ihe “x” points are from BATES and the
solid squares (rom Saclay) and our theoretical resuits.

4. Incoherent hremsstrahlung

The process we study now is A(e, ¢'y)X, which in the approximation of
one-phaton exchange is depicied in Fig. 5.
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(a)

Fig. 5. Feynman diagrams considered for the incoherent brcmss[mhlung.

The cross section for this process is written as
d'o _@m K| lp"L“"W (19)
a2, dE,, d2, dE, 23 k| g* s

where W, is the same hadronic tensor as found in the former section and L* g
the new leplonic tensor given by

.'_1 _ B, ¥ +m B M-vpfy+:¥+m
L" —vz—s,rz,r’[ur'(k)[és z(py.k/) Y +'}’ —2(p.’.'k) és ur(k):'

X[‘?’(")[Y 25, %) * 4 00 1) 7

1 [E’+m( Pt +m B, Hk+m ]
T M

v;ﬁ,+k’+mé3 —b,+E+m ”]u,'(k')}

— Au+ I S,
2 2m %205, 0y U Y 220 k) %

E+m|( B +# +m b, E+m ,
Im Z(pyk') ‘yp‘f"}’p*-“z(p?.k) 3 J:I (20)

The explicit evaluation of the trace in Eq. (20) gives
1

L¥s= 2 2 2
2m*(p, k') (b, k)

(o4 032) (0, 1Y (p, - #7) ~ m?]

(o, K )2y k) (k- K) ) + (k4K + Kk —m2(p, - k)
—m?(py k') + (k) (p, k) [2(K - K) + (p, k) ~ (p, - «)]
H(ppk" 5ok (o, kY[, k) + )

~(p, K)( 2y Yk K} + 2Kk (o, k) (p, K’
~2k"k*(p, k') (p, k) ~ 2020}(p, - K')(p, - k)m?
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+g“[(Py'k')z(k"k)"=2— (Py'k’)g(Pv'k)‘* (p, K'Y(p, k)m®
—(p,-K)Y'm?—(p, k'YV'm* =2 p, &) p, k) (k- k)’
~2{py k) (P, k) (kK'Y +2(p, K'Y (p, K )(k-K')
+2(p, kY p, k)(k-k)m?+ (p, kY (k' kym>— (p, k' )(p, k)
+(py kY'm?~ (p, K)(p, k) m?~ (p, k)'m*]). (21)
And recalling Eq. (5) we can write
d'o & ip,!
d‘Qom dEoul d‘Qy dE-y 2w2|k|q4(py-k‘)2(p7-k)

3

s {W\C, + W,(,),

(22)

where C, and C, are given by
C,=2[(p, K)oy k) = (p, kY'm* +2(p, &)(p, k) (k-k')
=2p, k) (p, kYK K) + (2, k) (2, k) + (0, &)
—(p, kY (k-kYm*+2(p, k') p, k)(k k)
~(py kY (k-kYm? = (p, k'Y, k)m?+2(p, k) m"
+(p, kY (py K'Y = 4m®(p, K'Y, k) ) + 2(py kYt
(23)
C,=200k{(p, k) [(py k) = | + (2, k'), K)(k )}
+2k%°] = m?(p, k)' —m?(p, k'Y
+(p, K)(py k)RR K) + (0, k) = (0, )|

+ 205k (p, K'Y {(py k) +m2] = (p, &')(p, k)(k-K'))

+2(K°) (0, k) 2y k) = 2k (5, K V(5 k)

=222 (py K)(p, K ym2 + (2, K V(K Ky

~(2, K5y k) + (py K'Y (5, KYm? = (py -k V' = (p, K '
~ 2o, k), kY kK'Y = 2 p, k) (py k) (k)

+2(p, k) (P, )k k) + 2 p, k) (p, kYK kY m?
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X

Fig. 6. Frame of reference in which the incoming electron is in the z direclion and the oulgoing
eleciron is in the 2y plane.

B o ; 3
+(p, k) (K -kYym*>—~(p, -k} p, k)
+ (p:« 'k)sz = (o, #){oy k)2m2 ~(py" k)2m4‘
Alternatively we can write the cross section in terms of W, and Wy as
dle &l ip,
de,, dE,, 42, dE, EWZIqud(py-k*)z(py~k)2

q* g*

X|———=W .G+ We| ——=C,+C,
Iql lgl

The expressions which we obtain are formally equivalent to those obtained in

Ref. [12] in the study of radiative corrections to elastic and inelastic ep and up
scattering.

- (%)

5. Resulis for incoherent bremsstrahlung

The calcslations of this and the next sections are easily done in a frame of
reference in which the incoming electron goes along the z direction and the
outgoing electron is in the zy plane as shown in Fig. 6.

Thus
k=(0,0,[kl),
k'=(0,%| sin 8, | k'{cos 6}, (25)

However, it is also asefid to introduce a frame in which the momentum transfer
k — k' goes along Lhe z direction as in Fig. 7, where p,, is the phaton momentum.
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Fig. 7. Frame of reference in which the momentum transfer £ — &’ is in the z direction and g, is the |
photor momentun.

In this latter frame of reference the p, components are given as
(p,},=E, sing, cos ¢,
(py),=E,sin 6, sin ¢, !
(py),=E, cos @,. (26) |

One passes from the first frame to the second frame through a rotation of angle
B along the x axis such that

|
|| — 1% | cos @ |
2 2 ’ (27)
JIEI?+ 181>~ 21 k| |k} cos 8
and hence in the original frame the photon-momenium components are given by
p,(0)=E,, 1
p,(1) =E, sin 8_cos ¢, 4
p,(2) =E {cos 8 sin 8, sin ¢, ~sin B cos 4. ),
p,(3) =E {sin B sin 0 sin ¢, +cos B cos 8, ). (28)

In Figs. 8, 9, 10 we show some results for the IB cross section by fixing the {
incoming and outgoing electron energies and the angular variables of the photon.
The results are plotted as a function of the (e, ¢'} scattering angle for different
energies of the incoming electron and different angles of the photon 6,

We have no experimental data to compare our results with. It would however,
be interesting to have such measurements and check that they have the structure
of Eq. (24), with all the nuclear inforination contained in the response functions
W, , Wy, the same one as in the (e, ¢') inclusive process.

QOur idea is to use this reaction as an alternative method to determine the
response functions. In order to prove its adequacy for such purposes we imagine

h ___

cos B =
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Fig. 8. IB cross section for *'Ca by fixing: By, = $Eine, ¢, =40"and 8, =2°.

oul

that the cxperiment is done, that the results obtained are those which we
calculaled and that we associate to them a certain experimental error. From the
values of the cross sections in two different kinematical situations, giving rise to
the same value of | g|and w for the argument of the response functions, we obtain
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two independent equations which allow the determination of R, and Ry with
certain errors. ]

We have searched pairs of kinematical situations which lead to maximally
independent equations or, equivalently, which induce minimum etrors in R, R
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We have proceeded in the following way: we fix the initial electron energy and
the angle ¢, as specified in Fig. 7. Now for a given value of » and | ¢ | we change
the energy and the dispersion angie of the outgoing electron but in such a way as

. to minimize the errors induced in the determination of R, R;. Following this




532 A. Gil, E. Oset / Nuclear Physics A580 (1994) 517-537

Table 1
Eppe = 700 MeV * and tql = 300 MeV

w (MeV) W, (Mev Dt EW, (MeV Y ¢ Wp (MeV™!y® EW., (MeV™")©

31.9 RE6X1072 0.7%1072 2541072 0.05%10°2
41.9 0.126 0.011 3.65%1072 0.13<10°2
51.9 0.153 0.013 4.40x 1072 0.09x 102
61.9 0,159 0.013 4541072 0.16 <102
719 0.139 0.012 3941072 0.08 x 102
819 0.115 0.09 3221072 0.11%10-2
91.9 88x1072 0.7x10°2 2.45% 1072 0.053 1072
101.9 6.1x1072 05x10°2 .69 %1077 0.073 1072

1 ;. energy of the incoming electron.
b W\, Wit longitudinal and trapsverse response functions.
€ EW,, EWy: errors in the longiludinal and transverse respanse functions.

procedure we show in Table | the pairs of kinematical variables chosen to
determine W, W, at |g| =300 MeV. For that purpose we take £, = 700 MeV
and ¢, = 40°.

With the pairs of kinematical situations specified in Table 1 and assuming 5%
errors in the experimental measurements of the cross seclions we obtain the
results for W, W, shown in Table 2, with errors specified in the tabie.

We observe that the errors induced in W, arc of the order of 10% while those
induced in W, are of the order of 5% or less. As it is the case in the (e, ')
experiments, the errors induced in the determination of R, are larger than those
in the determination of R,. However, thesc errors can be placed under contsol
with precise measurements of the cross section.

Qur choice of pairs of kinematical situations to give maximaily independent
equations is not unigue, many other pairs would give rise to similarly independent
equations and it is not excluded that some other choice might even be hetter.
However, one must be cautious in choosing the pairs of kinematical variables
because there are many which lead to very large errors in the determination of W
and Wiy

Table 2

E, . = 700 MeV * and |¢] — 300 MeV

@ (MeV) Egy (MeV) ? 8, (deg) 8 (ddeg)
31.9 140 10 170
41,9 140 10 156
51.9 130 10 170
61.9 130 10 156
71.9 120 10 170
81.9 140 i0 154
91.9 130 10 170
101.9 314 in 152

n

P s Eguet €nergy of the incoming and outgoing electron,
#,, 05 scattering-electron angles.
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Table 3
E,.=700 MeV * and |g| = 410 MeV
o (MeV) W, (MeV )P EW, (Mey~1)°© W MeV™")P EWr {MeV™ )¢
31.9 25%x10°% 03%x10°2 1.39%x 1072 0.03%10°%

41.9 3.5%1072 04x107% 1.893 102 0.03% 1072

51.9 45%x1072 05%x107? 2401072 0.05x10~2

61.9 5.4%1072 0.6x 1072 287x10™7 0051072

719 6.4% 3072 0.8%1072 3.35%1072 0.063 167 %

819 7.4x1072 0.9x10~2 3.86x10°7 0.07x 1072

91.9 82x1072 0.9x10™2 422x1073 0.07%1072
101.9 83%1072 09x1072 4221072 0.07x1072

* Eic: €nergy of the incoming electron.
b W, , W longitudiral and transverse response functions.
¢ EW,, EWq: error in the longitudingl and transverse response functions.

Table 4

Eje =700 MeV * and (| = 410 McV

w (MeV) E, . (MeV}? 8, (deg) 8, (deg)
319 200 28 158
41.9 190 28 170
519 190 24 160
61.9 180 28 170
71.9 180 28 158
81.9 170 28 170
919 170 22 158
1049 160 28 170

M B, Bl energy of the incoming and outgoing electron.

8, 85: scattering-clectron angles.

In Tables 3 and 4 we show simitar results as in Tables 1, 2 leading to the
determination of the response functions at | g| = 410 MeV. The relative errors are
similar as in the case of the former tables.

6. Comparison of coherent and incoherent bremsstrahlung

In this section we compare the results of the CB and IB in order to see when
the coniribution of the IB becomes comparabie or larger than the one from the
CB, thus invalidating the assumptions made in the tagging technique. For this
purpose we assume that the photon is emitted in the direction of the momentum
transfer k -k’ {the one which maximizes the CB) and then look at the cross
section as a function of the electron-dispersion angle.

In Figs. 11, 12, 13 we have taken different energies of the incoming electron and
chosen the energy of the outgoing electron to be 2 of the electron energy. In the




534 A. Gil, E. Oset / Nuclear Physics A580 (1994) 517-537
10‘.llllilll'll[ll!!lIlllilllll?
10° -

3 3
10% =
.\
10! * ®ca
:
10° ~OBC Fu,,=4000 MeV

-1

d°c/d0,dEAD (ub/sr’)*MeV™
[
o

107

10_"II!LIIIIIIIIiIIlI]lll‘[ll}ll

2 4 8 a i0 12 14
# (degrees)

Fig. 11. Comparison between }B and CB cross sections for *°Ca by fixing: E, . = 4000 MeV, E, e
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CB this forces E, = {E;,, but in the IB one must integrate over all possible
energies of the photon (£, # 0) since this is a free variable in this process. What
we observe in the figures 1s that at small ¢ dispersion angles the CB dominates
over the IB but at larger angles the IB dominates the CB. We also observe that as
the energy of the ¢~ beam increases, the region of domirance of the CB over the
IB is moved to smaliler angles. For E,  energies around 20 GeV the tegion of
dominance of CB over JB is limited to scattering angles smaller than 5°. Our
results also show that for e~ energies of the order of 1 GeV the dominance of the
CB over the IB exients to refatively large angles of the scattering angle, thus
making absolutely safe the tagging technique (o obtain monochromatic photons as
presently done.
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7. Conclusion

The study done in this paper has served two purposes. In the first place we have
shown that the process of incoherent bremsstrahlung can be used as a source of
information to extract the nuclear response functions. It is possible to measure the
crass sections in different pairs of kinematical situations such that with two
equations we determine Wy with relative errors typically of the order of the
experimental one of the cross section, while W can be determined with relative
errors of the order of double that amount. This is sufficienily good for accurate
determinations of Wy and Wy. Given the large discrepancies in W, obtained in
different experiments using the {e, ¢') reaction, the exploration of alternative
methods like the one we propose here becomes advisable.
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Fig. 12. Comparison between IB and CB cross sections for “°Ca by fixing: E,.=10000 MeV,
Ecu{:%Einc’ ¢Y:40° and ﬂ‘)’=00'
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Fig. 13. Comparison between 1B and CB cross sections for “’Ca hy fixing: E;, = 20000 MeV, £, =1
Eipe- ¢, ~ A0 and & = 0°.

On the other hand we have compared the coherent bremsstrahtung with the
incoherent one in order to see the limits to the tagging technique which assumes
absolute dominance of the coherent process. We observed that for energies of the
present intermediate-energy-electron machines, £, < I GeV, the CB dominates
the IB even at ¢~ scattering angles bigger than 20°, making absolutely safe the
tagging (echnique to produce monochromatic photon as currently done. However,
as we increase the energy of the electron, the region of dominance of the CB
versus 1B is reduced to smaller scattering angles. At energies of around 20 GeV
this region is reduced to scattering angles smaller than 5°. The present results
should be of use to set the [imits of the tagging technique in some of the planned
or futurc electron facilities.
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