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The asymmetry of the cross section of the 12C(γ⃗, p0)
11B and 12C(γ⃗, p1)

11B reactions has been measured in the

energy range 40...55MeV using linearly polarized tagged photons of the MAX-lab facility. The asymmetry of the

process 12C(γ⃗, p0)
11B is Σ ≈ 0.85, that implies one-particle reaction mechanism. The asymmetry of the reaction

12C(γ⃗, p1)
11B is smaller, Σ ≈ 0.6...0.7, that may be due to the stronger relative contribution of the 2h−1p mechanism

to the dominant one-particle reaction mechanism.

PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk

1. INTRODUCTION

In a previous paper [1], the preliminary results
of measuring the cross section asymmetry of the
carbon disintegration reactions 12C(γ⃗, p01)

11B and
12C(γ⃗, p2−6)

11B have been presented. The cross sec-
tion asymmetry is defined as,

Σ =
dσ∥ − dσ⊥

dσ∥ + dσ⊥
, (1)

where dσ∥(⊥) ≡ dσ∥(⊥)/dΩ is the reaction cross sec-
tion for the photon polarization direction parallel
(perpendicular) to the reaction plane. The mea-
surements have been produced at the MAX-lab Nu-
clear Physics facility in the photon energy range
Eγ ∼ 40...55MeV , using the tagged linearly polar-
ized photon beam [2, 3]. In the experiment, the pro-
tons were detected by an available ∆E−E telescope
(CsI/SSD), which was not optimized for for measure-
ments of the (γ⃗, p) reactions with a high energy res-
olution. It consisted of two rather thick silicon strip
detectors (SSDs), each of 0.5mm thick, and a CsI(Tl)
counter, and provided the energy resolution of the
missing energy spectra ∼ 3...3.5MeV (FWHM) that
did not allowed to resolve the final states of the 11B
nucleus. Therefore, the cross sections asymmetry
was measured for reactions corresponding to the two
groups of states of the 11B nucleus: the reaction
12C(γ⃗, p01)

11B for the ground and the first excited
states of the 11B, and the reaction 12C(γ⃗, p2−6)

11B
resulting from group of states producing a maximum
at Eex ≈ 6MeV.

The measurements [1] has shown that asymmetry
of the 12C(γ⃗, p01)

11B reaction is rather high, Σ ≈ 0.8,
and is determined, in all probability, by the dominant

12C(γ⃗, p0)
11B process. The asymmetry of sum of the

reactions forming the maximum at Eex ≈ 6MeV is
Σ ≈ 0.6, what is less than for the previous reaction,
and is close to the asymmetry of the free deuteron
disintegration. As was noted in the [1], such value
of the asymmetry agrees with suggestion about the
2h− 1p character of the 3/2− (5.02MeV ) and 7/2−

(6.74MeV ) states, which give main contribution to
the maximum at Eex ≈ 6MeV . The dominance the
two-body mechanisms of the (γ, p) reactions in this
case can reduce the asymmetry value in comparison
with the one-body mechanism. Since the asymme-
try is determined through interference of the reac-
tion amplitudes, some reaction mechanisms that are
caused by small amplitudes and do not affect the re-
action cross section can manifest themselves in this
case of asymmetry.

Later it was shown [4], if to use coordinate in-
formation of the detected events from the SSDs, the
energy resolution of the telescope can be improved
by decreasing the kinematic broadening. As a re-
sult, more distinct the peaks of the reactions under
study in the missing energy spectra and the clearer
separation of them were obtained. Therefore, firstly,
the experimental data were reprocessed using infor-
mation on the triggered strips of the SSDs. Secondly,
simultaneously, data were obtained not only on the
asymmetry, but also on the cross sections of the above
reactions, since the cross sections and asymmetry are
determined from the same yields of the reactions.
Such an opportunity was tested in the case of the
deuteron disintegration reaction, d(γ⃗, p)n and was de-
scribed in [5].

More accurate information on the reaction
12C(γ⃗, p01)

11B yields allowed one to make attempt to
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separate contribution of the reactions 12C(γ⃗, p0)
11B

and 12C(γ⃗, p1)
11B, and to obtain cross sections and

asymmetry of these processes.

2. EXPERIMENTAL SET-UP

The measurements have been performed at the
MAX-lab nuclear physics facility in Lund, described
in Ref. [6] in details. The experimental set up, the
coherent bremsstrahlung (CB) beam characteristics,
experimental registration apparatus and technique
have been described in details in the previous pub-
lications [1, 3, 4, 7], thus only brief survey and some
new details of the data processing are given here.

The electron beam with energy E0 = 192.7MeV
was extracted from the MAX-I storage ring, which
worked in a stretcher mode. Then the beam was de-
livered into experimental area, shown in [1, 3, 6, 7],
and was directed onto photon radiators, a diamond
crystal of 100µm thick and 50µm Al foil, fixed in a
target holder of the goniometer [3]. The beam size on
the radiators was no more than 2mm, and the elec-
tron current was ∼ 5...10nA. The duty cycle of the
beam was df ≈ 50% and the divergence, estimated
in [3], was no more 0.0410 (∼ 0.71mrad). A non-
interacting part of the electron beam was deflected
to the beam dump by the magnet, where it was ab-
sorbed by a Faraday cup.

The post-bremsstrahlung electrons were detected
by a focal plane (FP) hodoscope of the main tag-
ger system [6]. The hodoscope consists of two rows
of scintillators 25mm wide and 3.2mm thick. The
coincidence requirement to overlapping 50% scin-
tillators resulted in 62 channels for detecting the
post-bremsstrahlung electrons and total tagged en-
ergy range Eγ = 21.9...78.8MeV . The energy res-
olution smoothly varied from ∆Eγ ≈ 0.8MeV till
∆Eγ ≈ 1MeV [3, 7].

A photon collimator was placed before the shield-
ing wall on the distance of 214 cm from the photon
radiators. It consists of heavy metal main collima-
tor of 108.5mm long, with the variable inserts with
entrance openings of 12 and 5.4mm in diameter, fol-
lowed by a scrubber magnet of ∼ 100mm long and
a scrubber collimator of 200mm long [6]. The above
holes provided the collimation angle values θc ∼ 1.1θγ
and ∼ 0.5θγ , respectively, for a point-like electron
beam. (θγ = mec

2/E0 is the characteristic angle of
bremsstrahlung, E0 and me are the electron energy
and mass).

Two targets, a 1.1mm CH2 and a 1mm CD2

thickness plates, were used for measurements that
allowed to measure two processes, the carbon and
deuteron photo-disintegration, simultaneously. The
targets were positioned on the distance ∼ 2m from
the photon collimator at angle 300 to the photon
beam direction. The numbers of carbon nuclei per
cm2 were NC = 0.885 × 1022 cm−2 for the CH2

target and NC = 0.771 × 1022 cm−2 for the CD2

target, the number of deuteron nuclei per cm2 was
ND = 1.541× 1022 cm−2.

Protons were detected by a CsI/SSD telescope
[7], placed under angle θp = 900 to the beam axis.
It consisted of two identical single-sided silicon strip
detectors and a CsI(Tl) counter, which functioned as
(∆E) and (E) detectors, respectively. The SSDs had
a thickness of 0.5mm and 64 strips, each of 1mm
width, which were paralleled in groups of two for
the read-out, thus yielding an effective strip width of
2mm. The CsI(Tl) detector was of cylinder shape
of 12.5 cm in diameter and 10 cm long, housed in Al
container. Its angular acceptance was determined
by Monte Carlo simulation, using the GEANT-4
package, and was ∆θp ± 140 (FWHM) for the given
telescope geometry and the active area of the SSDs.

3. POLARIZED PHOTON BEAM

The polarized photon beam has been produced at
process of a coherent bremsstrahlung of electrons in
a diamond crystal of 100µm thick. The crystal was
fixed in a target holder of a 3-axes goniometer, as-
sembled from five commercial moving stages [3]. The
crystal orientations is determined by two angles, θ
and α (defined in Ref.[3]), and their values were taken
in such a way that main contribution to the CB cross
section gave one vector of the reciprocal lattice of
the crystal, [0-22] for parallel (PARA) and [0-2-2] for
perpendicular (PERP) directions of the polarization
to the reaction plane. The CB beam spectral char-
acteristics for various crystal orientations have been
studied in [3]. They were well described by the ANB
code [8] calculations.

Three beam runs of the measurements have been
performed. In the first and the second runs (Run-1
and 2) the coherent peak energy was Eγ,d ≈ 51MeV
and 48MeV , respectively, the collimation angle of
the photon beam was θc ≈ 1.1θγ . In the Run-3 the
crystal orientation was the same as in the Run-1, but
the collimation angle was θc ≈ 0.5θγ .

Spectral characteristics of the coherent
bremsstrahlug beam and their stability were con-
trolled by on-line measurements of the uncollimated
CB spectra with the FP hodoscope. The measure-
ments showed the difference between the counting
rates of the odd and the even FP channels (as was
discussed in [3]). In some cases, the difference re-
mained after the normalization of the CB spectra
to the amorphous spectrum from 50µm Al radiator
(i.e., in the relative (D/Al) spectra). Such effect can
be due to different background contributions to the
counting rate of the odd and the even FP detectors
in the diamond and Al spectra. The counting rates
of the FP hodoscope counters were averaged over
neighboring add and even channels.

As a whole, position of the CB peak and the
spectra shape were stable during the measurements
within the data accuracy, i.e., the goniometer pro-
vided good repeatability of the peak position at
changing the polarization direction, and the electron
beam parameters were stable with enough accuracy
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in the course of the measurements. The typical rela-
tive non-collimated spectra for the PARA and PERP
orientations are shown in Fig.1. They demonstrate
enhancement β ≈ 1.35 (enhancement or the, so-cold,
coherent effect, is the ratio of the spectrum value in
the CB maximum to the incoherent part of the spec-
trum) and a small (∼ 1MeV ) difference between po-
sitions of the CB peak for the PARA and PERP ori-
entations.
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Fig.1. Non-collimated relative D/Al spectra of
the CB beam for the PARA (squares) and PERP
(circles) orientations, Run-1. Curves are results of
the fit for the PARA (solid) and PERP (dashed)
orientations, see text for details

The theoretical descriptions of the experimental
CB spectra were performed using the ANB code [8].
At the calculations, the angles of the crystal orienta-
tion (θ and α), and some constant background contri-
bution to the incoherent part of the spectra were the
fitting parameters, values of which were determined
by fitting the theoretical spectrum to the experimen-
tal one by a FUMILI code. The fit was performed,
firstly, because of the indication on the background
contribution to the FP counting rate, as noted the
above, and secondly, because of the need to refining
the orientation angles due to a possible change in the
”zero” angles [3] in the process of changing the po-
larization direction. The fit allowed one to describe
more accurate the experimental spectra in all tagging
energy interval, Fig.1. The values of the orientation
angles, obtained from the fit, coincided with the ex-
perimental values for the PERP orientations for both
peak energies, but for the PARA orientations there
was a ∼ 10% difference between these values. The
background contribution to the FP detectors count-
ing rate in the range of the CB peak was ∼ 5...15% for
all orientations. Calculated polarization of the non-
collimated beam in the CB maximum was Pγ ≈ 0.17.

The spectra and polarization of the beam incident
on the nuclear targets were calculated by the ANB
code, using the orientation angle values, obtained by
the fit, and taking into account the photon beam colli-
mation and other experimental parameters that were
used for the non-collimated spectra description.
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Fig.2. Calculated spectra of the CB beam averaged
over PARA and PERP orientations. Collimation
angles θc ≈ 1.1θγ(Run-1, down) and θc ≈ 0.5θγ
(Run-3, upper)

The calculated spectra and polarization of the
beam for the PARA and PERP orientations were
close in shape, so they were average. The results
are shown in Fig.2, and some results for the col-
limation angle θc ≈ 1.1θγ have been presented in
Ref.[5]. The calculations have shown that even weak
collimation, θc ≈ 1.1θγ , increases the coherent effect
and the polarization in the CB maxima to β ≈ 1.4
and Pγ ≈ 0.25. The stronger collimation θc ≈ 0.5θγ ,
being in the Run-3, increases the enhancement and
the polarization to β ≈ 1.9 and Pγ ≈ 0.42.

4. DATA ANALYSIS

The data analysis was divided into three parts.
The first consists of selection protons from other par-
ticles, calculation their energy and energy of the pho-
ton, producing the reaction. The second part in-
cludes description of the background spectra genera-
tion, their subtraction, and extraction of the reaction
yields. The third consists of determination experi-
mental factors, such as solid angle, tagging efficiency,
stolen corrections and calculation of the cross sections
and the asymmetry. The first part and some details
of the other parts of the analysis have been described
in the previous works [1, 5, 7], thus only brief survey
and new details of the data processing are given here.

Protons were identified by standard ∆E − E
method, based on relationship between energy losses
∆E and full energy E of the particles with differ-
ent masses. The two-dimensional plot pairs of ADC
signals from the SSD and the CsI detectors of the
telescope (see Fig.3 in Ref. [7]) allowed to separate
protons from other particles into clear band and to
remove the background particles by special soft cut.

Energy losses of the protons on their way from
the target to the CsI detector were calculated by
Monte Carlo simulation. Using the losses, the en-
ergy deposited by protons in the detectors was ob-
tained, and a correlation between the deposited en-
ergy and the amplitude of the CsI detector signal
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was determined. It demonstrated linear dependence
between the energy of incoming proton and the CsI
signal within energy interval of Tp = 10...50MeV .
The proton detection threshold by the telescope was
Tth ≈ 18MeV that corresponded to the photon en-
ergy of Eγ,th ≈ 40MeV for the d(γ, p)n reaction, and
Eγ,th ≈ 36MeV for the 12C(γ⃗, p0)

11B reaction when
the 11B nucleus was in the ground state.

The coincidences between signals of the SSDs and
the CsI detector, corresponding to the proton band,
(shown in Fig.3, Ref. [7]) generated trigger signals,
which started the time measurements for all FP de-
tectors. After correction of the trigger signals for
time walk, a strong prompt peak of the time coin-
cidence of the FP detectors and CsI/SSD telescope
signals (FPtdc) was obtained on top of random back-
ground in the individual tagger TDCs, see [1, 7] for
details. The time resolution of the FPtdc coinci-
dence was ∼ 2...3ns. In order to enable summing the
FPtdc spectra, the prompt peaks for all FP channels
were shifted to the channel number 750 of the FPtdc.
From the Gauss fit the position µ and the standard
deviation σ of the peaks were determined. The range
µ± 3σ defined the prompt region. It includes events
both from reactions of the deuteron and the carbon
disintegration, and the random background. The re-
gion to the right of the prompt peak includes only
random events, which were taken for the background
spectra generation, see [1, 7].
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Fig.3. Calculated polarization of the CB beam,
averaged over PARA and PERP orientations, for
the collimation angle θc ≈ 1.1θγ (Run-1 (solid),
Run-2 (dashed), and the θc ≈ 0.5θγ (Run-3 (upper
line)). Points are the polarization averaged over
energy bins, which were used for the asymmetry
calculation, see text

Each focal plane channel defines the disintegra-
tion reaction uncorrelated with the others. In or-
der to increase statistics, summation of excitation
energy spectra (see below) for four physically adja-
cent FP channels was made. As a result, for Run-1
and 2 the excitation energy spectra have been ob-
tained for twelve energy bins for measurements on
both targets. The central energies of the bins were:

Eγ = 37.2, 41.2, 45.1, 49.0, 52.8, 56.5, 60.2, 63.8, 67.3,
70.8, 74.3, and 77.7MeV . The bin’s energy width
varied from ∆Eγ ≈ 4 for the first bin at energy Eγ =
37.2MeV , to 3.4MeV for the end bins at the energy
Eγ = 77.7MeV . For the Run-3, the spectra were
obtained for measurements on the CD2 target only
and for the energy bins around the CB peak, Eγ =
37.2, 41.2, 45.1, 49.0, 52.8, 56.5, 60.2MeV , because
of small statistic at higher energies.

The polarization was averaged over width of the
bins in the range of the CB maximum, and for the
asymmetry calculation only those bins were used, for
which the polarization value was Pγ > 0.15, as is
shown in Fig.3.

4.1. THE REACTIONS SELECTION.

SPECTRA OF EXCITATION ENERGY

For separation the 12C(γ⃗, p)11B reactions, corre-
sponding to low lying 11B exited states, spectra of
excitation energy (ExE) were produced, by taking
events from the prompt region of the FPtdc spectra.
The excitation energy of the reaction is defined as,

Eex = Eγ − Tp − Tr +Qgs, (2)

where Eγ is the energy of the tagged photon, Tp is
the kinetic energy of the detected proton, measured
by the CsI detector and corrected to energy losses on
the way from the origin point to the detector, Tr is
the energy of the recoil nucleus 11B, calculated by
the two-body kinematics, using of the photon energy
and the proton emission angle values, Qgs is the Q-
value of the reaction, leading to the 11B ground state.
The excitation energy spectra were constructed for
all energy bins for both targets. The spectra have
typical shape, shown in Fig.4, identical for all bins.
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Fig.4. Excitation energy spectra of 12C(γ⃗, p)11B
reaction measured on CD2 target in Run-1 for
the PARA orientation. Photon energies are
Eγ = 49.0± 1.9MeV . The lower line is the random
background spectrum, see text for details

They have maxima resulted from reactions of the
carbon (and deuteron disintegration, when measure-
ments perform on the CD2 target), which are on top
of the random background from the prompt region
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of the FPtdc. Coordinate information from the SSDs
triggered strips were used in order to decrease the
kinematical broadening of the peaks (see Ref. [4] for
details).

For the background subtraction, the correspond-
ing random background spectra were generated from
events of the random range of the FPtdc spectra.
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Fig.5. Excitation energy spectra of 12C(γ⃗, p)11B reaction for the CH2 (left) and CD2 (right) targets.
Eγ = 49.0± 1.9MeV . Run-1, PARA

They were normalized to the prompt back-
ground of the ExE spectra in the range to
the left from the first peak of the carbon
disintegration, Fig.4. Details of the normal-
ization procedure have been discussed in [5].
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Fig.6. Excitation energy spectra of d(γ⃗, p)n reaction
for Eγ = 49.0± 1.9MeV . Run-1, PARA

After the background subtraction, the excitation
energy spectra have typical shape shown in Fig.5.
Firstly, they have prominent peak at Eex ≈ 0 which
resulted from unresolved the 3/2−(ground state) and
the first exited state 1/2− (2.12MeV ) of the 11B, and
secondly, the peak centered around Eex ≈ 6MeV (in
the spectrum for the CH2 target), resulted from ex-
citation of the 1/2− (4.45MeV ), 3/2− (5.02MeV ),
7/2− (6.74MeV ), 1/2+ (6.79MeV ) and 5/2+

(7.29MeV ) states. To the left side from the carbon
disintegration peaks there is the random background
range. The background spectrum in this range os-

cillates near zero value that confirms correctness of
the normalization and the background subtraction.
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Fig.7. Energy resolution (FWHM) as a function of
the proton energy

There is also a peak of the deuteron disintegra-
tion in the spectrum obtained from the CD2 tar-
get, position of which for this photon energies is at
Eex ≈ 7MeV and coincides with position of the sec-
ond peak of the carbon disintegration. The deuteron
peak is displaced to higher energies with the pho-
ton energy increasing, while the positions of the car-
bon disintegration peaks do not change, and for en-
ergies Eγ ≥ 56.5MeV the deuteron and second car-
bon peaks are well separated. The subtraction of the
CH2 excitation energy spectra from the correspond-
ing CD2 ones gives the ExE spectra for the d(γ, p)n
reaction. As example, such spectrum is shown in
Fig.6. It demonstrates clear the deuteron peaks and
accurate the background subtraction in the entire en-
ergy interval.

It should be noted that after decreasing of the
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kinematical broadening influence, the energy resolu-
tion is mainly resulted from fluctuations of the pro-
ton ionization losses on their path from the point of
origin to the CsI detector, which decrease with the
proton energy increasing, so the resolution should
be improved. It was estimated from dependence
of the first peak width (FWHM) of the ExE spec-
tra, obtained from the Gauss fit, viz. a function
of the proton energy. The results are presented in
Fig.7 and demonstrate that the resolution is changed
from ∼ 3.3MeV to ∼ 2MeV for the proton energies
corresponding to the photon tagging energy interval
Eγ ≈ 40...78MeV .

4.2. THE REACTION YIELDS

Yields of the reactions, both the deuteron and
the carbon disintegration, were obtained from the
corresponding excitation energy spectra, Figs.5 and
6. The d(γ⃗, p)n reaction yield was calculated by two
ways described in detail in [5, 7]. Firstly, by fit of the
peak by Gaussian and calculation the reaction yield
according to the formula,

Yp =
A

w
, (3)

where A =
√
2πσYm is the square of the Gaussian,

Ym is the Gaussian maximum height, σ is the stan-
dard deviation of the peak, and w = 0.3MeV is the
width of the step in the excitation energy spectrum
construction. Secondly, the reaction yields were ob-
tained by summation the events in the peak region,
µ± 3σ, where µ is the peak position.

Because of threshold of the d(γ⃗, p)n reaction de-
tection, Eγ,th ≈ 40MeV , the yields were obtained
for 10 energy bins for the Run 1 and 2, starting
from the bin Eγ = 45.1 ± 2MeV . The yields of the
d(γ⃗, p)n reaction, obtained by these two methods,
were coincided with a good accuracy. The statistical
accuracy

of the yields varied from ∼ 10% at Eγ = 45.1±2MeV
to ∼ 20% for Eγ = 77.6± 1.7MeV .

4.2.1. YIELD OF THE CARBON

DISINTEGRATION REACTIONS

As was noted the above, only two maxima of the
carbon disintegration reactions were observed in the
ExE spectra. The first maximum results from the
ground and the first 1/2− (2.12MeV ) exited states
of the 11B, but an according to the reaction cross sec-
tion data [9], contribution from the 2.12MeV state
is ∼ 20% at the photon energies Eγ ≈ 44...52MeV .
As to the second peak, which is centered around
Eex ≈ 6MeV , it is formally formed by the five
states, but actually resulted from two states, 3/2−

(5.02MeV ) and the 7/2− (6.74MeV ), which give
main contribution [10, 11]. Thus, four Gaussians were
involved for description of the ExE spectra,

y = y0 +
∑
i

Aie
− (x−xi)

2

2σ2
i , (4)

where y0 is the constant, Ai is the height, xi is the
positions of the maximum, σi is the standard de-
viation related to the peak FWHM by the formula
Wi = 2.35σi, and i = 0, 1, 2, 3. Most of these param-
eters were fixed. Firstly, the positions of the Gaussian
maxima, were fixed at the excitation energy values:
xi = 0, 2.12, 5.02 and 6.74MeV , respectively. Sec-
ondly, the widths of the Gaussians (Wi) were fixed at
the values, corresponding to the energy of detected
protons, emitted from the reactions with the above
excited states of the 11B, according to the depen-
dence, shown in Fig.7. The other parameters were
the fitting ones. On the whole, the fit (4) satisfactory
describes the ExE spectra in whole energy range for
both targets. Some typical examples of the fits are
shown in Fig.8.
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Fig.8. Excitation energy spectrum of 12C(γ⃗, p)11B reaction: a) for Eγ = 45.1± 2MeV . CH2 target,
PARA, Run-1; b) for Eγ = 52.8± 1.9MeV . CD2 target, PARA, Run-1; c) for Eγ = 60.2± 1.8MeV , CH2

target, PERP, Run-1. The solid lines are results of fitting

The yields of the 12C(γ⃗, p01)
11B and the

12C(γ⃗, p2−6)
11B reactions were obtained from the

CH2 target ExE spectra for the energy bins
Eγ ≥ 41.2 and 45.1MeV , respectively. In the case

of measurements on the CD2 target, the yields of
the 12C(γ⃗, p01)

11B and the 12C(γ⃗, p2−6)
11B reactions

were obtained for the energy bins Eγ ≥ 45.1 and
56.5MeV , respectively, because of the deuteron dis-
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integration contribution. At that, although for en-
ergy bins Eγ = 45.1, 49.0 and 52.8MeV the deuteron
maximum is in the region of the second peak of the
ExE spectra, but it gives else some contribution to
the first maximum. In order to subtract this con-
tribution correctly, the positions and the widths of
the third and the fourth Gaussians were not fixed,
but also taken as fitting parameters. For the ener-
gies Eγ ≥ 56.5MeV , the deuteron peak is shifted
above the second peak position, and yields of the
12C(γ⃗, p2−6)

11B reaction are also possible to get .
For Run-3 the yields of the 12C(γ⃗, p01)

11B reac-
tion were only obtained from the CD2 target ExE
spectra for energies up to Eγ = 60.2MeV , due to
poor statistics for higher energies. The energy reso-
lution at higher energies becomes a little better, thus
first exited state Eex = 2.12MeV display itself no-
ticeably by distorting the shape of the first maximum,
as shown in Fig.8, that allow to separate contribution
from ground and the first excited states more accu-
rately.

The yields corresponding to each Gaussian, ob-
tained from the fit, were calculated by the formula
(3), and then the yields of the 12C(γ⃗, p01)

11B and
the 12C(γ⃗, p2−6)

11B reactions were obtained by sum-
mation the yields of the first and the second pairs
of the Gaussians, respectively. For control, direct
summation of the events under the first and the sec-
ond peaks was performed, as well, for the energy
bins, for which it was possible. Because position of
these maxima were constant, the summation limits
were determined from the Gauss fit results and were
Eex = −4...3.8MeV and Eex = 4.1...9MeV for the
first and the second peaks, respectively. The yields
of the 12C(γ⃗, p01)

11B and the 12C(γ⃗, p2−6)
11B reac-

tions obtained by the fit and summation of the spec-
tra events well agreed, as well as, in the case of the
d(γ⃗, p)n reaction [5].

As a whole, the yields of the 12C(γ⃗, p01)
11B re-

action were obtained in the total interval Eγ =
41.2...74.2MeV with good statistics in the range
of the CB peak (Eγ = 41.2...60.2MeV ), where
each energy was measured six times, and four
times for the higher energies. The yields of the
12C(γ⃗, p2−6)

11B reaction were obtained in the in-
terval Eγ = 45.1...74.2MeV and each energy was
measured four times.

4.3. CROSS SECTIONS AND CROSS

SECTION ASYMMETRY CALCULATION

Differential cross sections were obtained by the
formula, which was used earlier in Ref.[5] for calcu-
lation the cross sections in the case of the polarized
photon beam,

dσ

dΩ
=

1

2NA∆Ω
(

Yp,∥

Nγ,∥εst,∥
+

Yp,⊥

Nγ,⊥εst,⊥
), (5)

where Yp,∥(⊥), εst,∥(⊥), Nγ,∥(⊥), are the reaction yield,
the stolen correction, the photon flux incident on

the target, respectively, corresponding to the mea-
surements at the PARA (PERP) orientations of the
photon beam polarization. NA is the number of the
target nuclei per area, presented the above. ∆Ω is
the effective solid angle of the CsI/SSD telescope.
It was determined in the previous Ref. [7] and was
∆Ω = 249.00± 2.25msr.

The photon flux was determined by the relation,

Nγ,∥(⊥) = εtag ·N
′

e,∥(⊥), (6)

where N
′

e,∥(⊥) is the number of the post-
bremsstrahlung electrons, detected by the FP de-
tectors at the PARA (PERP) orientations, and εtag
is the CB beam tagging efficiency, which should be
identical for both orientations. In the case of the CB
beam, the tagging efficiency depends on the beam
collimation and the coherent peak position. For the
conditions that were in the Run-1 and 2 (Eγ,d ≈ 51
and 48MeV , the collimator opening of 12mm in di-
ameter), the tagging efficiencies were obtained in the
previous work [5]. For the conditions that were in
the Run-3 (Eγ,d ≈ 51MeV , the collimator opening
of 5.4mm), it was calculated in the present work by
the same way. The tagging efficiencies for the PARA
and PERP orientations were almost the same in each
run, so they were averaged. In general, the tagging
efficiencies for the collimation angles θc ≈ 1.1θγ and
θc ≈ 0.5θγ were close in the shape and had a max-
imal value at the CB maximum energy, εtag = 0.36
and 0.12, respectively. After the peak energy, they
decreased to εtag = 0.32 and 0.08, and then increased
slightly with the photon energy increasing.

The stolen correction to the reaction yields re-
sulted from the fact that the uncorrelated electron
can be registered in the region to the left of the
prompt peak, thus a focal plane TDC can be stopped
by a random electron, arriving earlier than a corre-
lated one. The value of the stolen correction depends
on the counting rate in the focal-plane detectors, the
beam duty factor, and the position of the lower limit
of the prompt region in the FPtdc spectrum (see Ref.
[5] for details), thus its value depend on the photon
energy. The position of the lower limit of the prompt
peak was constant for all measurements, the duty fac-
tor and the counting rates of the focal plane detec-
tors were also close for all runs, so the stolen correc-
tions were practically identical for all runs. Its value
changed from ∼ 30% at Eγ = 45MeV to ∼ 14% at
Eγ = 78MeV .

The cross section asymmetry was obtained using
the same proton yields, Yp,∥(⊥), which were used for
the cross sections calculation. It is given by

Σ =
1

Pγ

Yp,∥
Nγ,∥εst,∥

− Yp,⊥
Nγ,⊥εst,⊥

Yp,∥
Nγ,∥εst,∥

+
Yp,⊥

Nγ,⊥εst,⊥

, (7)

where Pγ is polarization of the photon beam. The
asymmetry was calculated for the energy bins in the
range of the CB maximum, for which the polariza-
tion degree was Pγ ≥ 0.15. This condition restricted
the number of the asymmetry values to be obtained:
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four points for the 12C(γ⃗, p01)
11B reaction with en-

ergies, Eγ = 41.2, 45.1, 49.0, 52.8MeV , and three
points for the 12C(γ⃗, p2−6)

11B reaction with energies
Eγ = 45.1, 49.0, 52.8MeV .

The systematic uncertainty was estimated to be
∼ 10%, and arises from error of the random back-
ground spectra normalization at the background sub-
traction (∼ 7%), and accuracy of the polarization
determination (∼ 5%).

5. DISCUSSION OF THE RESULTS

Measurement of the reaction of deuteron disin-
tegration was performed to verify data processing
and control of the experimental parameters, such as
solid angle, target efficiency and beam polarization.
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Fig.9. Cross section of the d(γ, p)n reaction aver-
age over Run-1 and Run-2 measurements (squares).
Data [13] – empty squares; [14] – triangles down; [15]
– triangles up; [16] – empty circles; [17] – rhombus
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Fig.10. Asymmetry of the d(γ⃗, p)n reaction average
over Run-1 and Run-2 measurements. Data [13]
(empty squares), [14] (triangles down), [15] (tri-
angles), [22] (rhombus). [23] (circles), [24] (crosses)

In the previous work [5], various variants of data
processing were studied in detail, and experimen-
tal parameters were determined. The obtained the

d(γ, p)n reaction cross sections and the asymmetry
were in good agreement with the existing data [5].

In the present work, the cross sections and
asymmetry of the reactions of the carbon and
deuteron disintegration, d(γ, p)n, 12C(γ⃗, p)11B and
12C(γ⃗, p01)

11B, were obtained simultaneously from
the same excitation energy spectra. The cross sec-
tion and asymmetry obtained from measurements
in all runs and for both targets were close, thus
they were averaged. The results for the d(γ, p)n
reaction are presented In Figs.9 and 10. Both
the cross sections and the asymmetry well agree
with the literature data within the data accuracy.
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Fig.11. Cross sections of the carbon disintegration.
12C(γ, p01)

11B reaction: this experiment for proton
emission angle θp = 850 (full squares), data [9]
(empty squares) and [18] (empty triangles) for
θp = 900. 12C(γ, p2−6)

11B reaction: this experi-
ment for θp = 850 (full circles), data [9] on the
12C(γ⃗, p2−6)

11B (empty circles)

The measured cross sections of the 12C(γ, p01)
11B

and the 12C(γ, p2−6)
11B reactions, averaged over

all measurements cover the energy intervals Eγ =
41...78MeV and Eγ = 45...78MeV , respectively,
and are presented in Fig.11. They demonstrate typi-
cal energy dependencies which are different for these
reactions. The 12C(γ, p2−6)

11B cross sections slower
decrease with the photon energy increasing, so that
at Eγ ∼ 70...80MeV the cross sections for both re-
actions become close. Such behavior points out that
these reactions have different mechanisms. The ob-
tained cross sections well agree with literature data if
to take into account that effective angle of the mea-
surement was θp ≈ 850, due to large angular accep-
tance of the telescope and strong angular dependence
of the reactions. It can be seen in Fig.12 where the
angular distributions of the cross sections are pre-
sented.

The asymmetry or the 12C(γ⃗, p01)
11B and the

12C(γ⃗, p2−6)
11B reactions is shown in Fig.13. The

measurements cover energy interval ∼ 40...55MeV
for the (γ⃗, p01) and 43...52MeV for the (γ⃗, p2−6) re-
actions. One can see that new data processing re-
sults in the same values of the asymmetry of the
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12C(γ⃗, p01)
11B reaction as well as in the previous

work [1], except for one point at Eγ = 41MeV .
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Fig.12. Angular dependence of the 12C(γ, p01)
11B

(squares) and 12C(γ, p2−6)
11B (circles) reaction

cross sections for Eγ = 48.2MeV . Empty points
are data [9]

As to the asymmetry of the 12C(γ⃗, p2−6)
11B reac-

tion, new data are somewhat higher, but as a whole,

they agree with the previous results [1] within the
data accuracy.

As was noted in the previous work [1], the cross
section asymmetry of sum of the reactions forming
the first maximum and the second maxima is Σ ≈ 0.8
and Σ ≈ 0.6.

From the experimental data on the cross section
[9] and the relative contributions of the states form-
ing the second peak [10], one can assume that the
asymmetry is resulted from the ground state, which
have 1h character, in the first case, and from the 7/2−

(6.74MeV ) and the 3/2− (5.02MeV ) states, in the
second case, which have 2h-1p character, and can be
realized due to the two-body mechanisms of the re-
action.

The RPA calculations prediction agree well with
the experimental data for the 12C(γ⃗, p01)

11B reac-
tion, but have significant discrepancy with the data
for 12C(γ⃗, p2−6)

11B reaction, which agree well with
the QD model predictions in the energy range under
study. The quasi-deuteron model predicts another
energy dependence of the asymmetry than RPA,
close to the free deuteron photodisintegration, but
∼ 15...20% higher than the experimental data for free
deuteron disintegration [15, 16].
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Fig.13. Left: Asymmetry of the 12C(γ⃗, p01)
11B reactions averaged over three runs and CH2 and CD2

targets. Circles are the data J.Yokokawa et al. [25] for the sum of Eex < 5MeV . Right: Asymmetry of the
12C(γ⃗, p2−6)

11B reactions averaged over three runs CH2 targets. Circles are the J.Yokokawa et al., [25] for
the sum of Eex > 5MeV , triangles (up) and (down) are the data [22] and [13] on the d(γ⃗, p)n reactions.

Curves are prediction by the RPA theory (solid lines) and quasi-deuteron model (dashed lines) [25]

As a whole, such behavior of the asymmetry agree
with suggestion about the 2h − 1p character of the
Eex = 5.02 and 6.74MeV states and dominating the
two-body mechanisms of the (γ, p) reactions in this
case, which can decrease the asymmetry value in com-
parison with the one-body mechanism. The (γ, p)
reactions leading to 2h − 1p states is dominated by
pionic effects.

The measured cross sections of the 12C(γ, p01)
11B

reaction well agree with the existing literature data.
This fact gives a confidence that the Gaussians cor-
rectly determine the contribution of the ground and

the first excited states to the first peak, and one
can to get cross sections and the asymmetry of the
12C(γ⃗, p0)

11B and the 12C(γ⃗, p1)
11B reactions. The

corresponding results are shown in Figs.14-16, and
presented in the Tables 1 and 2. The obtained cross
sections of the 12C(γ, p0)

11B and the 12C(γ, p1)
11B

reactions well agree with the data [9] and well repro-
duce the energy dependences of the reactions, which
are identical for both these processes. The cross sec-
tion asymmetry of the 12C(γ⃗, p0)

11B reaction is prac-
tically identical to the 12C(γ⃗, p01)

11B reaction asym-
metry. For the reaction 12C(γ⃗, p1)

11B the asymmetry
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is determined with less accuracy, but its value is less
than for the 12C(γ⃗, p0)

11B reaction.

In Fig.16 the angular dependencies of the reac-
tions 12C(γ, p0)

11B and 12C(γ, p1)
11B from [21] are

presented.They are well described by the coherent
sum of one hole (1h) and the 2h− 1p mechanisms.
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Fig.14. Cross sections 12C(γ, p0)
11B (squares) and

12C(γ, p1)
11B (circles) reactions, averaged over all

measurements. Empty points are data [9]

In the case 12C(γ, p0)
11B reaction, the one hole

mechanism gives main contribution and practically
describes the experimental data, because the 2h− 1p
mechanisms contribution is small. But the one hole
mechanism produces large asymmetry. The experi-
ment has shown that asymmetry of the 12C(γ, p0)

11B
process is rather high, Σ ≈ 0.85.

In the case of the 12C(γ, p1)
11B reaction, the

theory somewhat worse describes the 12C(γ, p1)
11B

cross sections. But the relative contribution of the
2h− 1p mechanism to the cross section is more than
in the case of the 12C(γ, p0)

11B reaction.
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Fig.15. Asymmetry of the reactions 12C(γ⃗, p0)
11B

(empty squares), the 12C(γ⃗, p1)
11B (triangles) and

the 12C(γ⃗, p01)
11B (full squares) averaged over

three runs and CH2 and CD2 targets. Circles are
the data J. Yokokawa et al. [25] for the sum of
Eex > 5MeV , triangles (up) and (down) are the
data [22] and [13] on the d(γ⃗, p)n reactions. Curves
are prediction by the RPA theory (solid lines) and
quasi-deuteron model (dashed lines) from [25]

Because the two-body mechanism gives less asym-
metry, the asymmetry of the 12C(γ, p1)

11B reaction
should be less that is confirmed by the experimental
results, as can be seen in Fig.15.
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Fig.16. Angular dependence of the cross sections 12C(γ, p0)
11B (left) and 12C(γ, p1)

11B (right) for
Eγ = 60MeV . Experimental data: full squares are this experiment, [9]- circles, [19] – triangles, [20] -

empty squares. The curves from [21] – the dotted line gives the 2h-1p contribution, the dashed line is the
hole contribution, and the solid line is their coherent sum

6. SUMMARY

The cross section and cross section asymmetry of
the 12C(γ⃗, p0)

11B and 12C(γ⃗, p1)
11B reactions was

measured using the linearly polarized photon beam
of the MAX-lab facility in the energy ranges Eγ ∼
40...78MeV and ∼ 40...55MeV , respectively. The
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cross sections of the both reactions well agree with
the literature data.

The beam asymmetry of the 12C(γ⃗, p0)
11B reac-

tion when the final nucleus is in the 3/2− (ground
state) is rather high, Σ ≈ 0.85 and agree well with
the RPA model calculations. It have significant dis-
crepancy with the quasideuteron model predictions
and mainly determined by the one hole mechanism.

The asymmetry of the 12C(γ⃗, p1)
11B reactions is

less, Σ ∼ 0.6...0.7, due to more relative contribution
of the 2h−1p mechanism to the dominating one hole.
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Appendix

Table 1. The differential cross section of the 12C(γ, p0)
11B, 12C(γ⃗, p1)

11B and the 12C(γ, p2−6)
11B

reactions for proton emission angle θp = 850, averaged over all Runs and the targets measurements

Ground State Eex = 2.12MeV 5 + 7MeV
Eγ ,MeV dσ/dΩ, Stat.error, dσ/dΩ, Stat.error, dσ/dΩ, Stat.error,

µb/sr µb/sr µb/sr µb/sr µb/sr µb/sr
41.2 61.01 1.12 15.89 1.35 - -
45.1 44.60 0.52 11.16 0.83 20.33 0.79
49.0 32.00 0.38 9.79 0.41 20.36 0.79
52.8 23.09 0.38 6.83 0.43 15.63 0.80
56.5 16.55 0.32 4.54 0.32 11.56 0.52
60.2 13.21 0.35 3.83 0.36 9.68 0.51
64.0 9.31 0.34 1.69 0.37 8.79 0.60
67.4 6.80 0.32 1.84 0.43 6.41 0.55
70.8 4.82 0.27 1.34 0.50 6.53 0.50
74.2 3.30 0.27 1.62 0.45 4.11 0.45
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Table 2. The cross section asymmetry of the 12C(γ⃗, p01)
11B, 12C(γ⃗, p2−6)

11B, 12C(γ⃗, p0)
11B and

12C(γ⃗, p1)
11B reactions averaged over Runs and targets, θp = 850

Eγ ,MeV (γ, p01) (γ, p2−6) (γ, p0) (γ, p1)
Asymmetry Error Asymmetry Error Asymmetry Error Asymmetry Error

41.2 0.84 0.16 - - 0.95 0.13 0.47 0.58
45.1 0.87 0.09 0.63 0.20 0.87 0.06 0.53 0.32
49.0 0.83 0.08 0.63 0.17 0.90 0.05 0.64 0.17
52.8 0.74 0.12 0.52 0.31 0.67 0.09 0.90 0.26

ÀÑÈÌÌÅÒÐÈß ÑÅ×ÅÍÈß 12C(γ⃗, p0)
11B È 12C(γ⃗, p1)

11B ÐÅÀÊÖÈÉ ÏÐÈ ÝÍÅÐÃÈÈ
ÔÎÒÎÍÎÂ 40...55ÌýÂ

Ä.Ä.Áóðäåéíûé, J.Brudvik, Â.Á.Ãàíåíêî, K.Hansen, K.Fissum, K.Livingston,

L. Isaksson, M.Lundin, B.Nilsson, B.Schr�oder

Àñèììåòðèÿ ñå÷åíèÿ 12C(γ⃗, p0)
11B è 12C(γ⃗, p1)

11B ðåàêöèé áûëà èçìåðåíà íà ïó÷êå ëèíåéíî ïîëÿðè-

çîâàííûõ ìå÷åííûõ ôîòîíîâ íà ÌÀÕ-ëàá óñòàíîâêå â èíòåðâàëå ýíåðãèé 40...55ÌýÂ. Ïîêàçàíî, ÷òî

àñèììåòðèÿ ïðîöåññà 12C(γ⃗, p0)
11B ðàâíà Σ ≈ 0, 85, ÷òî ñîîòâåòñòâóåò îäíî÷àñòè÷íîìó ìåõàíèçìó ðå-

àêöèè. Àñèììåòðèÿ ñå÷åíèÿ ðåàêöèè 12C(γ⃗, p1)
11B ìåíüøå, Σ ≈ 0, 6...0, 7, ÷òî ìîæåò áûòü ñâÿçàíî ñ

áîëåå ñèëüíûì îòíîñèòåëüíûì âêëàäîì ìåõàíèçìà 2h-1p â äîìèíèðóþùèé îäíî÷àñòè÷íûé ìåõàíèçì

ðåàêöèè.

ÀÑÈÌÅÒÐIß ÏÅÐÅÐIÇÓ 12C(γ⃗, p0)
11B I 12C(γ⃗, p1)

11B ÐÅÀÊÖIÉ ÏÐÈ ÅÍÅÐÃIßÕ
ÔÎÒÎÍIÂ 40...55ÌåÂ

Ä.Ä.Áóðäåéíèé, J.Brudvik, Â.Á.Ãàíåíêî, K.Hansen, K.Fissum, K.Livingston,

L. Isaksson, M.Lundin, B.Nilsson, B.Schr�oder

Àñèìåòðiÿ ïåðåðiçó 12C(γ⃗, p0)
11B i 12C(γ⃗, p1)

11B ðåàêöié áóëà âèìiðÿíà íà ïó÷êó ëiíiéíî ïîëÿðèçîâà-

íèõ ìi÷åíèõ ôîòîíiâ íà ÌÀÕ-ëàá óñòàíîâöi â iíòåðâàëi åíåðãié 40...55ÌåÂ. Ïîêàçàíî, ùî àñèìåòðiÿ

ïðîöåñó 12C(γ⃗, p0)
11B äîðiâíþ¹ Σ ≈ 0, 85, ùî âêàçó¹ íà îäíî÷àñòêîâèé ìåõàíiçì ðåàêöi¨. Àñèìåòðiÿ ïå-

ðåðiçó ðåàêöi¨ 12C(γ⃗, p1)
11B ìåíøå, Σ ≈ 0, 6...0, 7, ùî ìîæå áóòè ïîâ'ÿçàíî ç áiëüø ñèëüíèì âiäíîñíèì

âíåñêîì ìåõàíiçìà 2h-1p ó äîìiíóþ÷èé îäíî÷àñòêîâèé ìåõàíiçì ðåàêöi¨.
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