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We describe a photonuclear reaction theory for photons with incident energies
up to 140 MeV. Photoabsorption is modeled through the giant resonance at the
lower energies, and the quasideuteron (QD) mechanism at higher energies. After
the initial interaction, primary and multiple preequilibrium emission of fast par-
ticles can occur, followed by sequential Hauser-Feshbach decay. Preequilibrium
decay is calculated with an exciton model, based on a 2plh initial state to ap-
proximate correlation effects in the QD mechanism, as proposed by Blann. A
theory for photonuclear angular distributions is given, based on momentum con-
servation considerations, allowing the calculation of double-differential emission
spectra. We compare our calculated angular distribution predictions with mea-
surements for reactions on carbon, and obtain satisfactory agreement. The low
momentum of a photon compared to a nucleon projectile of the same energy re-
sults in QD photonuclear angular distributions being less forward-peaked than
their nucleon counterparts. Theoretical predictions of photonuclear reactions on
lead are also compared with data. The theory is able to account for measured
excitation functions of neutron emission reactions, along with neutron emission
multiplicities.

1. Introduction

A model of photonuclear reactions must account for a number of different nuclear
reaction mechanisms involved in the initial photonuclear excitation process, and the
subsequent decay of the excited nucleus by particle emission. At low energies, below
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about 30 MeV, the Giant-Dipole Resonance (GDR) is the dominant excitation

m:mmmﬁ where a collective bulk oscillation of the neutrons against the protong oonmnr-
At higher energies, where the wavelength of the photon decreases, vronomvmonwmozﬁm.
a neutron-proton (quasi-deuteron (QD)) becomes important. In these processes nﬂn
tnitial nuclear excitation can be described by particle-hole excitations (1plh mom n:m
GDR; 2p2h or 2plh, as we discuss later, for QD processes) and thus it ig natura) HM

MeV, which is the threshold for pion production.

H:@.Emio:m works in particular have demonstrated the usefulness of semiclassica]
E.mm@::&.&:ﬁ models in describing photonuclear reactions: Wu and Chang’s work (1]
on an exciton model; and Blann’s studies [2] using the hybrid model; both of which
utilize a ﬁ\mmmmwovm.maﬁsm evaporation theory to describe the mzvmma:.ma equilibrium
decay. Our work here, which describes new capabilities recently built into the GNASH
modeling code [3], makes use of many of the ideas from these Papers, but with the
following new features: (1) We present a theory for calculating photonuclear angu-
Jﬁ distributions, enabling a determination of the double-differential Cross sections of
ejectiles; (2) Full angular momenturn and parity conservation is included in a Hauser-

._u::mm In one unit of angular momentum; (3) The initial photoabsorption cross section
in the QD regime can he obtained from the theory of Ref. [4]; {4) We include a descrip-
tion of multiple-preequilibrium emission processes which become important when the
photon energy exceeds about 50 MeV,
. In addition to basic Physics interests, applications where photonuclear reactions are
important have stimulated this work. In medical accelerators producing bremsstrahlung
photons for radiotherapy, the production of photoneutrons in the accelerator structural
Emmm&.&m (the beam pipe, collimators, beam modifiers, etc.) needs to be understood for
radiation protection and dosimetry considerations. Also, photons with energies as high
as 50 MeV produced in a fusion reactor can undergo photonuclear reactions, producing
high-energy neutrons,

In Sec. 2 we describe the theories used for photoabsorption. Sec. 3 gives some
mxm:.:u_mm of the application of the theory to photonuclear reactions on lead and carbon,
making comparisons witly experimental data, and our conclusions are given in Sec. 4.

2. Theory

2.1. The Photoabsorption Model

If experimental data exists for the total photoabsorption cross section, it can be used
in GNASH calculations via an input file. The most useful type of experimental data here
are from photon absorption experiments which really measure the total photoabsorption
cross section. For heavy nucle, compilations of photoneutron total cross section such as
that of Dietrich and Berman [5] can be used to approximate the photoabsorption cross
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sections, since contributions from photoproton reactions {and other reactions producing
complex charged particles) are suppressed by the Coulomb barrier. However, in light
nuclei this approach cannot be used since the photoproton cross section is no longer
small, and in some cases exceeds the photoneutron cross section. In such cases one
should rely only on absorption-type data.

An alternative way to obtain the photoabsorption cross section is from a model [4],

dabs(€y) = 0GDR(€y) + 0gp(ey) (1)

in which egpr(e,) is given by a Lorentzian shape, with parameters describing the total
absorption of the GDR, and ogp(e,) is taken from the QD theory of theory of Ref. [4],
which uses a Levinger-type theory to relate the nuclear photoabsorption cross section
to the experimental deuteron photodisintegration cross section 7a(ey),

ognley) =L NIMIN ga(ey) f(ey) (2)

where the Levinger parameter was derived to be [ — 6.5, and f(ey) is the Pauli-
blocking function, which reduces the free deuteron cross section 04{€y) to account for
Pauli-blocking of the excited neutron and proton by the nuclear medium. The ex-
perimental deuteron photodisintegration cross section was parameterized as oy(e,) =
61.2(ey — 2.224)*/%/€3 mb. The Pauli-blocking was derived by Chadwick et al. to be
a multidimensional integral whose solution could be well approximated in the energy
range 20 — 140 MeV by the polynomial expression

fley) =8.3714 x 1072 — 9.8343 x 1073, + 4.1222 x 1074

—3.4762 x 107%], +9.3537 x 10~%!. (3)

In Ref. [4] the Pauli-blocking function was not parameterized below 20 MeV, where it
tends to zero, or above 140 MeV, where it tends to unity. Still, as the contribution
needs to be defined at all energies considered, we use an exponential shape f(e,) =
exp(—D/e,) for energies below 20 MeV, and above 140 MeV, with D = —73.3 for
€y <20 MeV and D = 24.2 for €y > 140 MeV. This form has the correct behavior in
that it tends to zero at €y =0, and unity for large €, and is continuous with Eq. (3) at
20 and 140 MeV.

2.2. Preequilibrium Exciton Model

Particle and hole excitations are produced in the nucleus following photoabsorp-
tion. Particle emission can occur from such a state yielding the typically high-energy
preequilibrium emission; or alternatively, a nucleon-nucleon interaction may occur pro-
ducing more particle-hole excitations. The composite nuclear system passes through
such stages of increasing complexity towards equilibrium, and the total preequilibrium
emission is the sum of contributions from all the preequilibrium stages.

Wu and Change [1] and Blann [2] have successfully applied preequilibrium physics
modeling to describe the emission of high-energy nucleons following photoahsorption.
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w_m:dw .ﬁmﬂmolvsmvs“ and use the Kalbach exciton model in GNASH [3] to calculate the
anma:@UE:ﬂ emission of fast nucleons. Once the incident photon energy exceeds about
50 MeV, 5:_.214 preequilibrium emission (MPE) becomes important, where more than

energy, the degree of forward peaking will be smaller for photonuclear reactions. Chad-
aﬁn.w and Oblozinsky [7] recently derived a theory for continuum angular distributions
which provides a physical basis for the Kalbach angular-distribution systematics, This
theory, which uses state densities with linear momentum to obtain H:.mmm:EU&:B angu-

2

G(n,0) = L __2a

dm et —eg—a
The a-parameter governs the degree of forward peaking and is given by

3Kkq
a= 2n,me,,’

exp(a cosf). (4)

(5)

s&m_;.m K is the incident photon momentum, kg is the emitted nucleon momentum
relative 8. the bottom of the nuclear well, n, is the number of excitons in the residual
nucleus {since we adopt Blann’s prescription of using a 2plh initial state, n,.=2 for
Hm?m.ﬁmmm emission, etc), and m is the nucleon mass. €,y is the average exciton energy
relative to the bottom of the well as given in Ref. [7].

The above formulation enables angular distributions in preequilibrium reactions to
be determined straightforwardly. As discussed in detail in Ref. [7], its derivation incor-
vojnmm full momentum conservation for all orders of scattering, and does not make a
H.mmasm.-vmn&n_m approximation. Additionally, in the non-statistical limit there are close
.rsrm with the Kikuchi-Kawaj approach (often used for nucleon reactions) as discussed
in Wmmm“ [7, 8]. In this work we do not concentrate on the angular distribution of parti-
o_.mm emitted at low energies. Experimental data for such emission frequently exhibits a
dipole distribution, peaked at 90-degrees, due to the dominant El-contribution. How-
ever, the angular variation is strongly dependent on the reaction mechanism involved,

with direct processes often exhibiting a dipole shape and evaporative contributions in
heavy nuclei exhibiting isotropy.

{

rcank O s,
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Fig. 1. Measured *®Pb+4+ photoneutron yield, and photoneutron excitation functions, com-
pared with model calculations.

3. Results

To test our photonuclear modeling we study reactions on two different nuclei: lead
and carbon. These two nuclei were chosen since they illustrate different features that
must be addressed in modeling photonuclear reactions, and a significant amount of
experimental data exists for them. For lead there are data for excitation functions of
multiple-neutron emission which allow a test of our work. Carbon, on the other hand, is
one of the very few nuclei for which double-differential photoneutron and photoproton
spectra exist, from monoenergetic photons, allowing a direct test of our calculated QD
angular distributions. We describe our results for these two cases below.

3.1. v+ %%PpPp

In our calculations we use the optical model and level density parameters described
in Ref. [9]. The total photonuclear absorption cross section was first evaluated from
the existing data. We compare our model calculations for lead with experimental data
measured at Saclay, Illinois, and Livermore.
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occurs due to the higher kinetic energy carried by preequilibrium ejectiles.

Other data also exist for lead which we do not show here (we have presented our
calculations compared with these data in Ref. [15]). Lepretre et al. {16] obtained
excitation functions for 208Ph(~, zn) reactions (x=1-12), for incident photon energies
up to 140 MeV, and our calculations described them well [15]. Also, while photoneutron
emission spectra from mono-energetic photons on lead do not exist, a measurement of
the photoneutron spectrum at 67 degrees from bremsstrahlung photons was made at
Rensselaer Polytechnic Institute by Kaushal et al. [17]. This measurement was made by
subtracting photoneutron spectra resulting from two separate beams: a bremsstrahlung
beam with maximum energy of 85 MeV; and a bremsstrahlung beam with maximum

energy of 55 MeV. The resulting neutron “difference spectrum” is due to photon incident
energies between 55 and 85 MeV, and there is good agreement with our calculation [15].

3.2. v+ 12C

We study carbon primarily because our preequilibrium angular distribution the-
ory can be tested -~ more photonuclear experimental data exists for carbon than for
probably any other nucleus, and it is one of the very few cases where monochromatic
photonuclear double-differential spectra exist. The above statistical theory cannot be
immediately applied in the analysis of photonuclear reactions on carbon, since there
are significant contributions from direct reactions. In particular the (-, no) and (v, pg)
processes, which result in the residual nucleus being left in its ground state, account
for a significant fraction of the photonuclear cross section (particularly for low incident
energies). Therefore we first evaluate the 2C(v,n9) and the 2C(v,po) cross sections
from the available experimental data. These pre-evaluated direct cross sections are
then subtracted from the evaluated photoabsorption cross section, and the remaining
cross section is used as an input in the GNASH preequilibrium and equilibrium calcy-
lations. Before comparing our results for double differential photoproton data, we first
review the many previous works on carbon which have elucidated the nuclear reaction
mechanism.

Results from previous analyses. The near equality of the (v,p) and {(v,n)
cross sections [18, 19, 20 suggests an initial interaction with a correlated neutron-
proton pair, i.e a quasideuteron. QD calculations of McGeorge [20], using a model
similar to that of Schier and Schoch [19], provided a reasonably good description of
the photoproton spectra at 60 and 80 MeV, except for the photoprotons at the highest
energies where a quasifree-knockout model provided a somewhat better description
of the data. Calculations by Ireland et al. [21] also showed that a QD model can
reasonable predict the photoproton spectra except at the highest proton energies. The
highest photoproton energy transitions were poorly described by both a QD model and
a knockout model. Generally, theoretical models are unable to account for the (v, py)
Cross sections at incident energies above 50 MeV.

Fuller based his 1985 evaluation [22] of the (v, Po) cross section up to 30 MeV on
the data of Allas et al. [23] (obtained by detailed balance from (p,70) measurements)
up to 29 MeV, supplemented by the data of Snover et al. [24] up to 30 MeV. More
recent measurements of this cross section by Kerkhove et al. [25] agree well with Allas
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et al’s results. The data of Carchon et al. [26] was not included since no attempt wag
made to separate the ground-state from excited state transitions. Also, the results of
Allas et al. and Kerkhove et al. indicate that the Collins et al. [27] Hmmmmcnmsm:n i

too low. Fuller’s result for the Allas et ql. (7, P0) cross section at the peak of the QUM
(22.5 MeV) of 11 + 1.1 mp is in excellent agreement with Kerkhove et al’s [25] value of
11.0 £ 1.1 mb. There is some ambiguity concerning the ratio of (7,pi) to excited state

to m\,}ﬁov at 28 MeV; Fuller’s evaluation for the total photoproton cross section SmMm
based on a mﬂmvnnmozo: of the measured vrgozms:o:q alpha, and 3He from the tota]

At higher incident photon energies, a number of €xperiments have measured pho-
.nownonos cross sections from monoenergetic photons. At 60, 80, and 100 MeV exper-
imental values for the tota] (7, p0) cross section have been tabulated by ?Hm:rmém et
al. [18), after angle-integrating their differential data. These measurements have been
subsequently confirmed by numerous other papers: differential cross section measure-
Bm:m,ﬁ to the ground and exciteq states of ''B have been made by Springham et of. [29]
(49-78.5 MeV), Shotter et a [30] (60 MeV), McGeorge et ql. [20] (60 and 80 MeV}, and
Ireland et Q.N. [21] (60 MeV). For photons with incident energies above about 50 mgm/\
these eXperiments show a strongly forward-peaked angular distribution for the (7, po)
Qdmm section (for example, the ratio of the cross section at 60 and 120 degrees .
MeV, is about 10:1) {29, 20, 30]. However, transitions to the excited states typically

are far less forw: d- - o A )
2:1 [20, 26, 30 ard-peaked, showing an analogous ratio at 60 MeV of approximately

Fuller evaluated the (7,n) based on the measurements of Wu et of, [31). Harty
mhw al. [32] measured (7,7) cross sections to the ground state and excited states at
65 degrees, for energies between 30 and 100 MeV. These are in good agreement with
the results of Schier and Schock, who measured (vsn) [19] in the 60-150 MeV range
and (v,n9) [33] at 60 MeV. They noted that the cross sections for (v,n) and (v 3,
processes .are comparable in magnitude, and both show a forward w&:wamaa\ in mrm
angular @mnivcn»o:@ They conclude that two-body effects are important, and model
g.m :mmnn:.v: i terms of a QD model (except for ground-state Qmummaobqu and also a
microscopic model which includes meson exchange currents, These n&n:mmnwozm lead
to a good description of the (7:m0) cross sections. Below 30 MeV Fuller evaluated
25:3, no) cross section based on the measurements of Fultz ¢ g/, [34] (multiplied by
1.1 7 to be Q.o:mmmamsﬁ with other measurements — with this renormalization, the data is
consistent with that by Lochstet et al. [35] and Kneissl ef qf, [36]). There ww also data
by Cook [37] for the Cv, 1n)!tC. o

Calculated rov_m-&m.mwasam_ spectra compared to data. The experimental
data and evaluations noted in the above section allowed us to evaluated the carbon total
t:onom_vmo:v:o: Cross section (which we based on Ahren’s data, Em_v and the direct
(7, :c_v and (v,pg) cross sections, Following this, we used our ESS:,:EE: model in
he O.Z..Pmm code to calculate photoproton emission spectra at 6( m:m\ wc MeV, for
omparison with the McGeorge et al, monochromatic double-differential data nﬁEm
lows a test of our angular distribution theory (Eqs. 4.5). .
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Fig. 3. Calculated angular distribution for the 60 MeV "C(v,p) reaction, for protons with
an emission energy of 30 MeV, compared with measurements of McGeorge et al. (1986).
For comparison, we show experimental data measured by Bertrand and Peelle (1973) for the
proton-induced reaction '*C(p, p'), which are seen to be far more forward-peaked.

In Fig. 3 we compare the calculated angular distribution with experimental data
for 60 MeV incident photons, for protons emitted at 30 MeV. It is evident that the
calculation agrees with the data fairly well, predicting a small amount of forward-
peaking. For comparison, we show the angular distribution data measured by Bertrand
and Peelle [39] in the equivalent proton-induced reaction, which is much more forward-
peaked. As explained by our theory, the reduced forward-peaking for QD photonuclear
reactions is due to the small momentum carried by a photon.

Figure 4 shows our calculated 80 MeV proton emission spectra at a range of angles
compared with data. Again, the calculated photoproton emission spectra describe the
measurements well. The structure seen in the calculations, and in the data, at high
energies is due to the presence of discrete states at low residual-nucleus excitation en-
ergies. Fig. 4 also shows a calculation where the angular variation, instead of being
obtained theoretically using Eqs. (4,5) is determined with a phenomenological “system-
atics” formula we presented in Ref. [40]. The systematics approach is more suitable for
applications, since double differential spectra are determined from the angle-integrated
spectra immediately without including different angular distributions from each pree-
quilibrium stage. While the use of our systematics also gives results which agree well
with the data, that approach is not grounded in a physical derivation to the same extent

as the present work.

4. Conclusions

We have shown that this photonuclear model describes the available experimental
data up to photon energies of 140 MeV. The preequilibrium modeling, using a QD
mechanism, was tested indirectly for reactions on lead by studying multiplicities and
photoneutron excitation functions. In the case of carbon, the preequilibrium emission
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Fig. 4. ONL.nEm»mL emission spectra, at various angles, for the 80 MeV EOS%\V reaction,
compared with measurcments of McGeorge et al. (1986). Also shown are calculated results
using the photonuclear systematics of Ref. [40].

mode] (including our angular distribution theory) was tested directly by comparing
nm_.n.:mionm of double-differential photoproton spectra with measurements. Qur theo-
retical prediction that QD photonuclear angular distributions are less forward peaked
than those for nucleon reactions is supported by the measurements. Interestingly, while
our m:m:.r:. distribution theory [7] for nucleon-induced reactions ::amnmmaamﬁom back-
angle emission below 80 MeV, this theory applied to photon reactions appears to work
well. This is, presumably, because diffraction and refraction effects which are important

in nucleon :.E:nmm reactions are less important for a photon Projectile, since they are
not present in the incident channel.
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be used .moe modeling photon induced reactions, and S. Warshaw and N. Chakravarty for
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of Energy by Lawrence Livermore National Laboratory under contract No. W-7405-
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