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Photofission of heavy nuclei from 0.2 to 3.8 GeV
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Total photofission cross sections f6FNp, 233U, 23U, 2%, 2%2Th, and"¥Pb have been measured simul-
taneously, using tagged photons in the energy rdhge0.17-3.84 GeV in Hall B at Jefferson Lab. The
fission fragments were detected using parallel-plate avalanche detectors. Our results show that, of these nuclei,
ZTNp has the largest photofission cross section per nucleon, and that the photofission cross settion for
relative to that for’*"Np is about 80% over the entire energy range. The relative photofission cross sections per
nucleon increase with the fissility parame®¥ A, approaching an apparent asymptote atZReA value for
Z3Np, and they do not depend strongly on the incident photon energy over this entire energy range. These
results, together with a comparison of thiéNp photofission cross section per nucleon with total photoabsorp-
tion data, indicate that the photofission probability f6fNp is almost unity. If we make this assumption, we
observe a significant shadowing of the interior nucleons starting below 1.5 GeV, so that the photoabsorption
cross section decreases by 20% near 4 GeV.
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[. INTRODUCTION teraction and propagation of nucleons and their resonances

inside nuclei(Ref.[8], and references thergin
The absorption of photons by nuclei is often used to study Above the resonance region, however, the interaction be-
the modifications induced by the nuclear medium on hadrofween the incident photon and the target nucleus starts to
properties and photon-nucleon interactions. For light nuclei’€Semble a hadronic process, incident photons mainly inter-

photoabsorption is investigated experimentally either by uscting With surface nucleons, while leaving the interior of the
ing single-particle reactions or by measuring the total photoU¢l€ar volume “shadowed.” The onset of this effect is an
absorption cross sectian, . For heavy nuclei, fission is an |ss|uefof (r:]urrent |ntt|er¢$9] and there are very few data avail-
important decay channel and, &s increases, the induced able for heavy nuclei.

T A . . The microscopic mechanism governing photoabsorption
fission probability increases rapidly towards unity, from theig 4150 not completely understood in the few-GeV energy
region of the giant dipole resonan¢g—3|. It has been a

; i o region and there are also issues related to the fission process
common belief4—6] that for uranium and transuranic iso-

d icid h , b hitself. Thus, by measuring the photofission cross section for
topes and for incident photon energies above 50 MeV, t feavy nuclei at these energies, we aim not only at clarifying

total photofission cross section, ¢ exhausts the total pho-  coniroversial lower-energy results and checking their validity

toabsorption cross section. Therefore, photofission has beep higher photon energies, but also at extracting new physics.
used to study the photon absorption prodé§sando,, ¢ has

been used as a substitute foy 5, which is very difficult to Il. PRESENT STATUS
measure by other methods for the case of tighuclei. ) o
The energy range available at Jefferson Lab begins in the A. Previous photofission measurements

A resonance region and continues up through the production For almost 50 years after the discovery of the fission phe-
of other baryon resonances. These resonances may behawsmenon, particle-induced fission, especially by neutrons,
quite differently inside the nuclear medium compared withhas provided most of the available experimental information
the case for free nucleons. Here, the cross section can g the fission process. More recently, the well-understood
used to study possible modifications induced by the nucleaglectromagnetic interaction has been exploited to study in-
medium on the intrinsic properties of nucleons, and the induced fission reactions. Such weakly interacting probes per-
mit the study of the photon absorption mechanism not only
on the nuclear surface, but inside the nuclear volume as well.
*Present address: Digipoint S.r.l., Corso Perrone 25/R, 16158lany of the new generation of photofission measurements
Genova GE, lItaly. employed the photon-tagging technique at high-duty-cycle
"Deceased. electron accelerators.
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TABLE I. Previous photofission data for actinides. plies that, for two nuclei, the ratio of their photofissilities is
given by the ratio of their photofission cross sections per
Nuclei Laboratory  E, (MeV) Reference  nucleon
23y, 2y Bonn 120-460 [4]
2y, 2y Yerevan 300-2600 [10] (Wp)1 (0, /A);
By, 2Np Novosibirsk 60-240 [171] (Wp)y (0.0 /A), 2
. yF 2
27y, 2y Mainz 50—800 [6,17]
29y, 232Th Frascati 200-1200 13,1 . i
2381 23 13,19 Again, it had long been assumed that, for uranium and
U U Saskatoon 60-260 [14] transuranic isotope = for E,=50 MeV. How-
233y, 27Np, B2Th Saskatoon 60—260 [14] PESTy F=0yA v '

ever, this assumption had to be reconsidered after it was
reported[11] that the fission cross section per nucleon for
Z3/Np was about 30% higher than that fé#U up to 240
In the actinide I’egion of the periOdiC table, measurementMe\/_ Subsequent measuremehlg_] corroborated these re-

were done mostly for two of the uranium isotopéU  sults in the same energy range. The validity of this trend up
[4,6,10—14 and #**U [4,10,12,14, spanning the energy re- to the GeV region is not a trivial assumption. If it were true,
gion from 50 MeV to 2.6 GeV, as shown in Table I. Various then the photofissility of uranium would be less than unity,
experiments show differences up to 15% both for the case ofhich invalidates the use of the photofission cross section
the same isotope and between two uranium isotopes. Morexlone to determine the total photoabsorption cross section.
over, the Yerevan datd0], going up to 2.6 GeV, are incon- Moreover, there are differences in the literature for the
clusive due to large experimental uncertainties. In addition tdission cross sections of various uranium isotopes, as shown
the uranium isotopes, measurements were donezﬁ“bdp in the previous section. As for all nuclei, one can assume that
[11,14) and %?Th [14,15. Both experiments of*'Np agree thegg differences are largely due to differgnt values of the
in measuring a substantially higher photofission cross sectiofissility parameterZ?/A. The present experiment evaluates
per nucleon for?Np than for 233U. Thorium, an actinide the differences among three uranium isotopes, neptunium,
nucleus with atomic numbez only two units less than ura- thorium, and lead, over a wide range of photon energies. This
nium, has a fission cross section only 70% of that for ura@ddresses the question of whether there Z/a saturation
nium. of the fission probability and whether it is photon-energy

The photofission of"**Pb has been studied only fdt, dependent. o o .
—120-220 MeV[16]. Additionally, data were obtained by  The fissility parameter of*’Th is Z?/A~35. Thorium
deconvolution of inclusive electrofission ddts7], but the  li€s |n2the transition region between the preactinide nuclei,
uncertainty in the unfolding procedure makes these data led¥ith Z/A<35 and high single-humped fission barriers with
reliable. There are photofission data for[BB] and Au[19] h(zalghts of 25-30 MeV, and heavier actinide nuclei, with
in the energy range 100-300 MeV, and for both nuclei the?"/A>35 and low double-humped fission barriers of 5-6
fission cross sections are monotonically increasing functioneV. The existing datg13,14 show a fissility for #*2Th
of the incident photon energy. relative to 2% slowly increasing from about 0.6 at 100

To summarize, previous photofission data have been odM€V to almost 0.8 at 1200 MeV. The present measurements
tained up to 1.2 GeV fof%8U and 232Th, up to 800 MeV for ~ can determine whether the fission probability’3fTh rela-
235, up to 260 MeV for 233U and 2"Np, and up to 220 tive to heavier nuclei saturates in the few-GeV energy re-
MeV for "Ph. The present experiment overlaps with and9'on.

extends the photofission measurements for all six of these For the preactinide nuclei, such as Pb, high fission thresh-
nuclei up to 3.8 GeV. olds make the fissility a strong function of the excitation

energy, and consequently this process is more directly related
to the photoexcitation process. Recent da& show values
of the lead fissility relative to neptunium increasing from
One issue confronting this experiment is whether, at they 015 at 120 MeV to almost 0.035 at 220 MeV. As for tho-
energies available at Jefferson Lab, the photofission crossum, we can determine the value of its relative fissility up to
sectiono,, ¢ for uranium and transuranic isotopes exhaust3.8 GeV, and whether it becomes energy independent. Addi-
the total photoabsorption cross sectiop, . If we define the  tionally, since there are recent measurements of the total pho-
photofissility W of a nucleus as the probability that this toabsorption cross section for lead up to 2.5 G&¥], we
nucleus undergoes fission after absorbing a photon, then wge able to determine the absolute photofissility for lead up to
can expres$Vg as the ratio this energy.

B. Photofission and photofissility

Wg=—. ) C. The photoabsorption mechanism

In the region of the\ resonance, several sets of measure-

ments for various nuclei ranging from lithium to uranium
For nuclei heavier than deuteriurd£ 3), the concept of have been performed using different experimental tech-
“universal behavior"[4,20], or A-independentr,, /A, im-  niques. For all of the nuclei studied, a resonancelike cross
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section has been observed. Moreover, the cross sectior 10m 12m
scaled by the mass number have a very similar behavior |
following the so-called “universal curve.” However, the re- Tagger magnet
sults of different experiments vary by at least 10%.

For nuclei with A=6, o,,/A has an almost
A-independent behavior and a shape clearly different from
that of the proton. The decrease and broadening of the cros
section have been explainedtdl0% within the framework
of the A-hole model22]. But, while theA resonance is only
slightly distorted by the nuclear medium, higher excited-
nucleon states appear to be much more strongly influencec
The D3 and Rgresonances, seen clearly in the photoabsorp-
tion on the protorf23], the deutero24], and *He [25], are
washed out in the total cross sections foeEA nuclei
[12,21,26,8,20

The new experimental information regarding photoa

sorption obtained from the present experiment is the cross . o
E[)- for Z™Np. To th tp t thawV Bl for 27Np. its  Cross sections for six different nuclef*(Np, %, >,
sectlon Tors 7p. 10 mhe extent a2~ for B, 1S 233 2321 ang napph) were measured. One of the two fis-
total cross section per nucleon can be compared with the, - ' A S

bulk of photoabsorption data on other nuclei. sion fragments produced by the interaction of an incident

Above the nucleon-resonance region, the nuclear photd?h_mon with a target nuclei was detected using novel anode-
absorption cross section appears to be structureless al%'d para!lel-plate aval'anche detectQFSPADs).' The PPA.DS .
slowly decreasing with energy relative to that of the free!Ve'® designed and built at the George Washington University
nucleon. This is known as “nuclear shadowinf27]. This Nuclear Detector Laboratory. Data for the six nuclei were

effect is generally described by considering the photon to b ollected sim.ul_tgneously, facili;ating a.reliable comparison.
a superposition of a bare photon and a hadronic fluctuatio ome of the initial results of this experiment have been pre-
with the same quantum numbers, the shadowing being pro\4IOUSIy report'e({Sl]. o

The experimental setup used for the photofission mea-

duced by coherent multiple scattering of the hadronic inter- s sh in Fig. 1. Th ) hamb
mediate state on different nucleons inside the nucleus. Sha&yre_r_nents IS shown In Fig. 1. The reaction cham er was
ositioned in the photon beam with the entrance window

owing in nuclei manifests itself as the total absorption cros 410 m d f th di F Il of
section gradually evolves from purely volume absorption ocated 10 m downstream of the tagger radiator. For all o
the experimental runs, the electron beam was incident on a

(«A) towards purely surface absorption £2°). The shad- _ L IES e
owing effect can be evaluated quantitatively by use of thed0!d radiator foil yielding~3>10" y/s in the energy range
covered by the tagger.

expression

T—counters

FIG. 1. Schematic view of the experimental setup used for the
b photofission measuremerfisot to scalg

Actt _ Ty A. The tagged-photon beam

A (Zoy,pt+Noy,)' The quasimonochromatic photon beam used in the experi-
ment was produced by the photon-tagging technique. The
whereAg; represents the effective number of nucleons seephoton-tagging system at Jefferson Lab is described in detail
by the incident photon, whiler,, and o, are the free- in Ref.[32]. The magnet geometry covers a very large dy-
nucleon photoabsorption cross sections for the proton andamic range of photon energies: 20-95% of the incident
neutron, respectively. electron energy. The hodoscope, consisting of two successive
Earlier experimentg28,29 found values ofA.s/A<1  planes of plastic scintillators, lies along the magnet focal
starting around 2 GeV and decreasing with increasing enplane and detects the deflected electrégee Fig. 1 The
ergy. A recent experimerf2l] gives theAq dependence two layers provide the position and the timing information of
between 0.5 and 2.6 GeV for C, Al, Cu, Sn, and Pb, indicatthe scattered electrons.
ing a low-energy onset of the shadowing efféas low as 1 The 384 counters used to determine the electron en&rgy
GeV). Recent calculation30] based on the vector-meson counters subtend approximately constant energy intervals of
dominancgVMD) model agree with these results. Again, to 0.002E,. Their TDC hit spectrum reflects the shape of the
the extent thatr,, .= o, » for ?*"Np, the present experiment bremsstrahlung spectrum, as shown in Fig).2Although
can also address the question of shadowing and its energyany of the E counters were not fully efficient at the time

dependence up to 4 GeV. when the photofission experiment took place, the counters
were stable and therefore did not compromise the final re-
IIl. EXPERIMENTAL ASPECTS sults.

The 61 large overlapping timing countef§ counter$
The experimental data reported in this paper were colhave approximately the same counting rates within two dis-
lected during the first measurements using the photontinct groups, as shown in Fig(l®. T counters 1-19 subtend
tagging facility in Hall B at the Thomas Jefferson National a smaller momentum range, providing a counting rate 1/3
Accelerator Facility(Jefferson Lah Absolute photofission that of T counters 20—61. The higher counting rates for T
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TABLE II. Running conditions for photofission measurements,
showing the electron beam energy and current, the range of photon
energies, the corresponding tagger rate, and the number of events
registered.

Eo lo E, Tag. rate

(MeV)  (nA) (MeV) (sH No. events

Counts / 1000
[—] NI-BIG\IWI

. . . 4045.1 15 809 — 3843  2.2410  13.65x10°
250 300 350 1705.1 22 341 - 1620 3.2610 17.34x 1¢°

FEE e N TR B VI I
50 100 150 200

E-counter number 875.9 14 175 - 832 2.2210 750x 10°
YT T T

Each of the fission targets consists of a thin layer
(~1 mg/cnt) of the fissionable isotope deposited on a foil
substrate. For the actinide isotopes, the substrate is ah®0-
aluminum foil; for lead the substrate is a 28n Mylar foil.

Each target was mounted in front of its own PPAD at a
ST distanc_e of 1.8 cm. For the actinide isotopes, two circular
10 20 30 40 50 60 4-cm-diameter collimators were used. One was placed imme-

T-counter number diately after the target, which helped to reduce the rate of
particles reaching the detector. The second collimator was

FIG. 2. Hit distributions for(@) E counters, reflecting the shape placed just in front of the anode wire plane, ensuring that the
of the bremsstrahlung spectrum aifi T counters, having approxi- geometrical acceptance of the detector was well defined. The
mately the same counting rates within two different groups. Thecollimators were not used for lead because the lead targets
higher rates at the end of the focal plane reflect the presence @ind their associated PPADs were tilted by 45° with respect to
beam-related background. T-channel 25 was not used for furthehe heam line. This was done to increase the effective target
analysis. thickness to gain counting statistics. To maximize the detec-

tor acceptance, each target was placed as close as possible to
counters 48—61 are due to an additional background origiits associated detector. Thus, the distance between the lead
nating from a downstream source. However, requiring a cofoil and the anode wire grid was only 0.4 cm.
incidence between the T counters and their geometrically All of these target-detector combinations shared the same
allowed E counters eliminates this feature. reaction chamber and thus the same gas pressure. This ar-
rangement has the important advantage of enabling us to
study all of the fission targets simultaneously, under exactly
the same experimental conditions. The target-detector pairs

The applicability of parallel-plate avalanche detectorswere suspended from the lid of the chamber so that their
(PPADS9 in detecting fission fragments has been demon<centers were aligned with the entrance and exit windows of
strated in several experimertd33—37. In addition to their the chamber0.5-mm-thick aluminum foils which in turn
suitability in tagged photofission experiments, the total thick-were aligned with the photon beam line within approxi-
ness of such counters can be kept rather small, due to the lowately 1 mm.
operating gas pressure. This feature, together with the finite
range of the fragments and the fact that the PPADs are al- C. The photofission measurements

most transparent to a high-energy photon beam, allows a g photofission measurements were performed at three
multiple-target-detector setup to be used. By using severgjiterent electron beam energies. For each of them, the beam
targets of the same isotope, one can increase the number @irrent was chosen so that the signal-to-background ratio in
counts per isotope acquired in a given amount of beam timghe PPADs was approximately 1:1 in order to optimize the
Furthermore, by doing simultaneous measurements for vargounting statistics. The electron beam and tagger parameters
ous isotopes, the relative comparisons are be more reliabléor the three sets of experimental runs are listed in Table 1.
The PPADs used in this experiment are described in detail We used three target-detector pairs for each actinide and
in Refs.[37,38. The anode plane of the PPADs consists ofeight for lead. Their positions in the reaction chamber are
an array of 25um-diameter wires spaced 1 mm apart. Thus,shown in Fig. 3; the target locations are given in Table III.
only a very small fraction £2%) of the fission fragments All of the actinide targets, with the exception of the last
hit the wires, while most of them enter the active region ofthorium target, were placed perpendicular to the photon
the detector having suffered negligible energy loss. The cattheam. The thorium target in position 15, together with all of
ode plane is a 2%m foil of aluminized Mylar positioned 3 the lead targets and the Mylar one, were placed at an angle of
mm from the anode. The operating gas is isobutane and th#5° with respect to the beam line. By tilting one of the ac-
operating conditions are 15 Torr gas pressure and 750 Vinide targets, we established a consistency check for the
applied voltage. geometrical acceptances of the detector in the two configu-

Counts / 1000

B. The fission-fragment detectors
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W22

234567891011121314
FIG. 3. Top view of the reaction chamber, showing the arrange-
ment of the 23 target-detector pairs. The nuclear species for each of
the 23 positions is given in Table IlI.

rations. For the lead targets, the Mylar substrate contributes a
background of a few percent to the lead yield. The Mylar foil
used as a “blank” had the same 2Bn thickness as the one
used as backing for the lead targets.

D. Photon flux measurements

The ratio of tagged photons actually striking the target to
the tagging electrons is called the “tagging efficiency.” In
order to determine this ratio, we used a total-absorption lead-
glass detector. Since the lead-glass detector could not handle
high beam intensities, special tagging-efficiency runs were 10000 — T T T T
necessary. The lead-glass detector and the reaction chamber
were placed parallel to the beam line on a remotely con-
trolled moving table, which moved perpendicular to the
beam line: thus we could insert either one along the beam
line (see Fig. 1 For the tagging-efficiency runs, the incident
electron beam current was reduced to 0.1 nA, and the lead
glass was positioned along the beam line in the same posi-
tion as the reaction chamber; thus the photon flux was mea-
sured at the same location as the photofission events.

5000

Counts

=20 -10 0 10 20
Time (ns)

IV. DATA REDUCTION AND NORMALIZATION FIG. 4. Time-coincidence spectrum between the PPAD and T

counter signals(a) before applying the timing corrections ari)

before andc) after subtraction of accidental coincidences, for all of
In order to achieve the best coincidence time resolutiorthe T channels added together.

between the tagger TDCs and the PPADs, several time cor-

rections have been made. These were the timing alignment | corrections have been appli¢BWHM = 1.5 ng and

all T-counter/PPAD combinations, the correction for the trig-jystrates that the time resolution has been much improved.

gerl t|r|1:1_e J'ttzr') anc(ljtzg)correctlon f?rt'hdlscnm;)r_]at(()jr V\%alki ¢ Here the 2-ns RF bunch structure of the electron beam is
N FIgs. 2a an we present the combined efiect ot ), a\ident. Figure &) shows the coincidence time spec-

all timing corrections. Figure (4 shows the raw tagged : 7
TDC spectrum for all the tagger channels and all PPADstrum after the accidental-coincidence background has been

with 2*’Np targets, before any correction was app"edsubtractec{see Sec. V&
(FWHM = 5 ng. Figure 4b) shows the same spectrum after

A. Timing calibration

. . . B. Event-selection criteria
TABLE lll. Positions of the target nuclei in the reaction cham-

ber, where No. 1 is upstream and No. 23 is downstream. They are 4

cm apart. The last column gives the total target thickness for eachperimental trigger, a count was required in both a PPAD

In order to determine which of the PPADs generated the

nucleus. ADC and TDC spectrum. Additionally, only those events for
Thickness which only a single PPAD fired were used for further analy-
Nucleus Position (mg/chy sis. A cor_rectipn of 1.5°/<_) was required to compensate for the
events with higher multiplicities.
2y 1,6,11 1.83 A typical PPAD ADC spectruniFig. 5 shows a valley
=y 2,7,12 2.89 between thex particles and the fission fragments. The de-
=y 3,8,13 4.31 gree of overlap between the two distributions depends on the
BINp 4,9,14 2.86 nature of the target isotope and also on the characteristics of
32T 5,10,15 3.71 the particular detector. For the actinide isotopes, the yield of
naippy 16-22 6.73 coincidence fission-fragment events is given by the events
Mylar 23 3.56 above a cut placed in the lowest part of the valley. A different

procedure was applied for the case of lead, where the
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800 y T y T - T - mental spectrum, we obtain the spectrum shown in Rig, 4
where the coincidence peak is now seen to rest on essentially
zero background.

237
N

600 | p - D. Tagging efficiency

For the kth tagger channel, the number of photdds
detected by the lead-glass detector was divided by the num-
ber of electrondN, detected in the tagger focal plane by the
T counters alonécorrected, if necessanyto give thetagging
efficiencyer(k) =N, (k)/Ng(k) . The number of photons per
T channel counted by the lead-glass detector is given by the
integral of the lead-glass TDC spectrum after background
subtraction, including the events prior to the coincidence
200 . peak (referred to asstolen coincidencés The number of
electrons detected in the tagger focal plane was determined
using the tagger T-counter scalers corrected for dead-time

Counts
=
>
[—}
T
1

effects.
0 . Again, a software coincidence between E and T counters
0 2000 4000 6000 8000 was necessary in the data analysis to suppress beam-related
PPAD ADC channel background. The E counters were poorly configured for this

FIG. 5. Raw PPAD ADC spectrum corresponding to one of theruT alnd. had very unequal effICIe_nCIes. For_ the ph_o'Fon flux
detectors with &'Np target. The shaded area was used to deter"2 o~ atlonEST we define acombined tagging efﬂmency
mine the fission-fragment yield. ee7(K) =N (K)/Ng(k), where, as before, _the r_lumerator is
measure by the lead-glass detector, now in coincidence with
a-counting rate is high relative to the fission ragme Sec. both E and T counters, while the denominator is determined
V A). by the T counters alone.
Each T-counter scintillator is read at both ends, referred to Monte Carlo simulation§39] were performed in order to
as left and right. Only the events which had both left andfurther investigate how well the bremsstrahlung spectrum is
right T-counter signals present were used for analysis. Theeproduced in the tagger focal plane. In Figa)éve present,
tagger time is then defined as the average of the times frofor one normalization run, the ratios between the measured
the left and right ends of the scintillator, and is independentind the calculated values bf,(k) andN(k), respectively.
of the position where the tagged electron hit the scintillatorFor the photon flux we present the spectra with and without
The E- and the T-counter detector planes have a geometrite E-T coincidence requirement. The spectrum without E-T
correspondence such that electrons with appropriate trajectoaatching shows remarkably good agreement between data
ries can pass only through specific E- and T-counter combiand calculation up to T channel 48. It also highlights the
nations. Events which did not satisfy this geometric matchbackground present above that T channel, which is elimi-
ing must be due to background and were not included in th@ated by requiring the E-T geometrical matching.
analysis. Additionally, events were kept only if the time dif- In Fig. 6(b) we show the tagging efficiency; and the
ference between the E and the T counter was within theombined tagging efficiencggt, determined by using T
20-ns-wide time coincidence peak of the two. These requirecounters alone and by requirering a software E-T coinci-
ments reduced significantly the background from secondargence, respectively. The one used for the analysis includes
sources in the tagger focal plane, especially for T counterthe E-T matching. This distribution is not smooth as a func-
48-61. Identical requirements were imposed on productiotion of T counter number due to beam-related background

and normalization runs alike. present at low photon energidhigh T counter number
Mgller electrons at high photon energiélew T counter
C. Background subtraction numbeyl, and local problems related to particular photomul-

tiplier tubes and their associated hardware. However, the be-

The_ coincidence peak between a PPAD signal and thﬂavior for each channel is stable in time at the 2% level, as
associated electron detected in the tagger focal plane rests Qown in Fig. 7a), which is a plot of the ratio between

an exiended background of random coincidences due Bombined tagging efficiencies for two normalization runs.

g?/entﬁvcagsed byr u dnta?gegj photonsf?rr]]q bé{ﬁuncoirltalat?d he tagging efficiencies used in calculating the cross sec-
otac | € dgca{.p.to tuhc SB icause(;) betlr f[ erent 1evels Ofiqns were averages over the normalization runs available at
natural radioactivity, the background subtraction was carried, .1 peam energy.

out for each nucleus separately.

The random background was fitted with a function con-
sisting of a sum of Gaussians at regular 2-ns intervals, added
to a linear function, and this fit was interpolated through the Unfortunately, we did not succeed in obtaining a normal-
region of the coincidence peak. By subtracting the randonization run for the 0.9-GeV data. The combined tagging ef-
background given by the fitting function from the experi- ficiency in this case was deduced using the tagging efficiency

E. Tagging efficiency for the 0.9-GeV run
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FIG. 6. (a) Ratios between data and Monte Carlo calculations:tWo 1.7-GeV runs(b) Ratio of the measured to calculated 1.7-GeV
N, (K)™3IN(K)MC without (shadedl and with (cross-hatchedthe ~ combined tagging efficiencies.
E-T coincidence, antil (k) ™7N (k)M (open. (b) Corresponding
tagging efficiency ratiose (k) (shaded determined by T counters Where Ye(j,k) is the fission-fragment yieldN, (k) is the
alone andeg1(k) (cross-hatchedincluding a sofware E-T coinci- tagged-photon fluxf (k) is the stolen-coincidence correc-
dence. Channels 9, 25, and 55 were excluded from the analysis. tion, e,.{j) is the detection acceptancg,(]) is the detec-

o tion efficiency,A(j) is the target mass numbég/mole, Ny
for the 1.7-GeV data and taking into account both the changg, Avogadro’'s number, and(j) is the target thickness

in the energy dependence across the chal pl_a_ne and t B/cn?).

change in the absolute value of the tagging efficiency. The ™ tp¢ fission-fragment yield for each actinide isotope and
change in the energy dependence was expressed as the rgligq-p agger T-counter channel was determined as the area
between counts in the random background region at tWehqer the coincidence peak after background subtraction and

was obtained by requiring good agreement of the measuregee Sec. VA

cross sections in the overlap region. The average cross sec- o tagged-photon fluki(k) striking the target is deter-
tions per nucleon for each nucleus were calculated for the.inad from the expressiony

360-830-MeV region and a scaling factor was found for

each one. The differences in the scaling factors for various N (k)nem

nuclei are attributed to the presence of nonuniformities in the N, (K) = Ng(K) €rag k) = Ne(k) i ,

target thicknesses and to the fact that a four-times larger Ne(k)"™m

target area was sampled by the photon beam for the 0.9-GeV ] ]

run than for the 1.7-GeV runs. where the electron flul(k) is registered by th&-counter

The procedure was first checked by calculating the comscalers and corrected for dead time by 2—-3.5%.
bined tagging efficiency for the 1.7-GeV data from that of 4  The stolen-coincidence correctidg{(k) for the kth tag-
GeV, and comparing it with the measured one. Figuis 7 9er channel was calculated from the electron rate in that

shows their ratio and demonstrates agreement within a fewhannel. For a typical electron rate oRg(k)=0.5
percent. X 10 events/s, it is approximately 5%.

The geometrical acceptance of a target-detector combina-
V. CROSS-SECTION DETERMINATION tion is the fraction of the 4 solid angle in which fission
fragments produced in the target can be detected by the cor-
For each isotopédlabeled j=1,6) and for each tagger responding PPAD. This effective solid angle was estimated
channel (labeled k=1,61), the experimental photofission using a Monte Carlo calculation, resulting in values of
cross section was calculated from the expression

o YEGR) fadk) AG)
oyl k)= N,(K) €acd i) €ae i) Nat(i)’ €ac— 0.854+0.0034 (b),

€.c=0.385+0.0036 (a),
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where(a) stands for the combinations which include a colli-  TABLE IV. Systematic uncertainties due to tagging efficiency,
mator and are placed perpendicular to the beam line(lnd target thickness, and the combined uncertainties for the actinide and
for those without collimator and tilted by 45° with respect to lead targets, for the 4.0-GeV and 1.7-GeV data.

the beam line.

At our operating conditiong15 Torr and 750 V, the 50>® 4.0 Gev 17 Gev
PPADs have a very high efficiency for detecting fission frag- Tagging efficiency —~ 4% ~204
ments. The small inefficiency is due to the fact that the anode actinides  lead  actinides  lead
wire plane is not completely transparent to fission fragments Target thickness 4.7% 3.20% 4.4% 2.9%
and has values of Total 62%  51%  48%  3.5%

€4er=0.975 (a),
€4u=0.948 (b), B. Systematic uncertainties
The systematic uncertaint§oYs for the cross section is
where(a) and(b) have the same meaning as above. the combined effect of uncertainties in determining the
Since all of the actinide fission targets have natural fission-fragment vyield, the tagged-photon flux, the PPAD
activity, their thicknesses and isotopic compositions were degeometrical acceptance, and the target thickness.
termined by measuring theia-activity rates and energy The uncertainty in determining the fission-fragment yield
spectra. The measurements were done, using a silicag in turn due to uncertainties introduced by the cuts used as
surface-barrier detector, to an accuracy=d%. These mea- event-selection criteria: the ADC threshold, the left-right cut,
surements are described in detail in ReD]. The thickness  and the E-T matching. The choice of the ADC threshold
of "Pb deposited on the Mylar substrate was given by thgntroduces a variation of less than 1% of the total yield. The
manufacturer. The total thickness for each nuclear species §st two cuts are applied both to the data and to the normal-

given in Table IlI. ization runs, so that the fraction of counts excluded from the

hFor :aach incident be?m f—:'nergfy,heach tagger T'Cognrt]eﬂssion yield is the same as that excluded from the photon
channel covers a given fraction of the energy range of the, . - ,qaq for normalization, resulting in an insignificant

incident photon beam. These fractions are calculated knowéverall uncertainty.

ing the size of the detectors and their positions in the magen- . -
ticgfield [39]. The corresponding photgn energy for a givgen For each energy, the tagging efficiency was calculated for
' %ach energy channel as an average over all normalization

tagger channel is taken to be the middle of the energy ran ) e . :
99 9y gruns. The differences between individual runs give an esti-

covered by each T counter. . . . .
mate of the systematic uncertainty associated with the tag-
ging efficiency. These differences, averaged over the tagger

A. Special cases focal plane, are listed in Table 1V for two beam energies.

A non-negligible amount of3%U was present in thé3%U As a consistency check of the absolute normalization for
and % targets. Consequently, the measured cross sectionfifferent data sets, the cross sections obtained witEat
for both #3*U and ?* include a contribution from thé*U  —4.0 GeV andE,=1.7 GeV were compared in their over-

contamination, and had to be corrected accordingly. The regp region, which extends from 850 MeV to 1.6 GeV. Figure
sulting cross sections fof*U and U were determined g shows the photofission cross sections obtained with the two
from beam energies for*’Np. For each of the six nuclei, the
agreement between the two sets of data is excelfEnmt
; =g meas (3)  Wwithin 2%).
Azzs The detector acceptance was calculated numerically. The
positions of various detectors in the chamber, as well as
where the index signifies either”®U or U, o ande™**  small variations in relative positions within the target-
are the corrected and the measured cross sectiansdAare  detector assembly, result in acceptance differences smaller
the thicknesses and mass numbers, af§°is the cross than 1%.
section for?%U obtained in the present experiment. The actinide target thicknesses were measured to an accu-
The "¥Pb yields needed to be obtained differently fromracy of about 3%. For the lead foils, the manufacturer gave
the actinide targets due to the small size of the lead photcan uncertainty of 10%. However, the cross sections per de-
fission cross section. Here, the contributions of coincident tector averaged over the tagger focal plane show variations
particles[from the (y,«) reactio]l and of the Mylar sub- larger than 3% for the actinides but much smaller than 10%
strate are non-negligible. The coincidence peak in the TDGor lead.
spectrum therefore includes, besides fission events, both For each target nucleus and for each incident electron
Pb(y,a) events and events coming from the Mylar backing.energy, the cross sections were obtained by combining the
Here, the reaction yield was obtained by subtracting from thelata from the PPADs for the same nucleus. Due to limited
PPAD ADC spectra that of the lead-free backing. The TDCstatistics, the variations among different target-detector com-
spectra were used only to evaluate the contribution from th&inations were able to be evaluated only by combining the
random background. data from all 61 T channels.

1+

gi=

Ai t2ﬁ3) meas _ Ai lasg meas
Azzg 1
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Among the actinides, the highest variations=5-— e
19%) are exhibited by?®*’Th and the lowest ones~1— - e -
5 %) by 23%. For the actinide nuclei, the ratios of individual T R
target cross sections to average cross sections per nucleus are 300 ! | ! | ! | !
approximately the same for the two incident beam energies. L A 232Th i
This implies that the differences within one nucleus are most e %
probably due to target-thickness variations, and they repre- 150 = % —
sent the main source of systematic uncertainty. All of the : .,
actinide data were considered to be a set of 12 data points, B Tt ctee o T
and since for each actinide we had three targets, the devia- 30 . | . R
tion from the mean values per actinide nucleus yielded the LI L DL
assigned uncertainty. The values attributed as systematic un- R ;"- “atpb 4
certainties due to target thickness are summarized in Table ;’{
IV, which contains also the estimated total systematic uncer- 15 = =, =
tainties for the actinides and for lead for the two electron | f e, P
beam energies of 4.0 and 1.7 GeV, respectively. The uncer- ' TR
tainties for the 1.7-GeV data are smaller, consistent with the 0 1 | 1 | 1 | 1
fact that the beam-spot size was much larger for these runs. 0 1 2 3 4
Photon energy (GeV)
VI. RESULTS

FIG. 9. Absolute photofission cross sections per nucleon as a
function of the incident photon energy f6'Np, 23U, 2%%U, 3%,
Photofission data have been obtained for photon energigs?Th, and "Pb.
from 0.17 to 3.84 GeV, using three incident electron ener-
gies. The good agreement in the overlap region between the Figure 9 shows our results for the absolute photofission
two higher-energy bites was presented above. Data in theross sections per nucleen /A, as a function of the inci-
overlap regions for two incident electron energies were comdent photon energy, for all six nuclei. The error bars reflect
bined by taking the appropriately weighted average. Datdhe statistical uncertainties only. The values for the photon
were then rebinned in equal-energy bins. The bin sizes werenergies, fission cross sections, and associated statistical un-
chosen taking into account both the shape of the cross secertainties are presented in Table V.
tion as a function of incident photon energy and the size of In Fig. 9, data for neptunium and the three uranium iso-
the statistical uncertainties. Thus, in the region ofAheeso-  topes are shown with the same scale on the vertical axis. The
nance, where the cross section varies rapidly with energy, thehotofission cross section per nucleon f&¥Np has the
bins are narrow20 MeV). Above 1 GeV, the cross section is highest absolute value, significantly higher than that for
smaller and almost energy independent, so the bins are widéf®J. One can also notice small differences between the
(150 MeV). three uranium isotopes; the cross section per nucleon for

A. Absolute photofission cross sections
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TABLE V. Table of photon energies, absolute photofission cross sections per nucleon, and associated
statistical uncertainties fo*'Np, 23U, 23U, 2%, 2%2Th, and"@Pb.

o, /A (ub/nucleon)
E7
(MEV) 237Np 233U 235U 238U 232-|-h nath

193 188.2-11.4 192.920.6 167.2210.7 177.4-8.2 88.4-4.6 7.3t1.6
208 237.:11.4 174.5-20.0 194.4-10.6 191.4-8.1 113.8-4.7 6.5£0.9
235 309.2012.2 272.8:21.3 278.6:11.8 237.8:8.7 151.9:5.1 10.2:1.2
258 343.6:12.5 332.6:22.5 301.5-:11.9 303.6:9.2 191.6:5.5 11.5-1.2
282 448.2-13.2 350.6:22.2 375.:12.2 358.8:9.4 219.1-5.6 17.6:1.3
307 452.4-14.6 408.6:25.2 408.5-13.8 408.3-10.7 237.%36.4 21.7#1.6
337 464.3-13.4 405.723.1 365.c:12.4 394.4-9.8 243.35.9 23.8-1.4
361 449.+5.0 400.6:9.2 400.2-4.9 393.33.6 236.3-2.2 25.6-0.6
376 429.2-3.6 381.9-6.7 382.0:3.5 368.0-2.6 228.0-1.6 24.8-0.5
397 415.1+ 3.6 337.9:6.5 357.5:3.5 350.8:2.5 2145-1.6 245505
414 395.3:4.6 357.1-8.6 351.0:4.5 329.0:3.2 208.6:2.0 23.1:0.6
440 367.4£4.6 330.1:8.4 311.0:4.4 306.9-:3.2 192.3:2.0 23.2£0.6
454 345.:4.8 308.4£9.0 297.6:4.7 289.3:3.4 182.4c2.1 21.0:0.7
474 316.4:3.4 271.6:6.2 275.7#3.3 271.9-2.4 164.3:1.5 19.70.5
494 310.6:4.9 269.4:9.0 259.2-4.7 246.9-3.4 157.8-2.1 18.70.7
516 294.32.9 254.0-5.4 250.5-2.8 238.2:2.0 151.3-1.3 19.6:0.4
543 267.1-4.2 217.87.8 236.9-4.1 221.4:2.9 142.3-1.8 17.5-0.6
583 241.32.3 217.9-4.2 213.6:2.2 206.6-1.6 130.%-1.0 17.x-0.3
650 220.12.4 191.9:4.5 191.4:-2.3 184.5-1.6 119.3:1.0 15.70.3
715 213.71.6 172.4:2.9 183.5:1.5 174.11.1 107.3:0.6 15.1+0.2
765 208.72.5 169.6:5.8 174.9-2.4 165.2£1.7 104.6:1.0 14.9-0.4
837 191.4-1.5 162.1:2.8 163.2:1.4 153.6:1.0 91.5:0.5 13.70.2
908 183.2-2.2 158.5:4.2 153.x2.1 144.6:1.5 83.9-0.7 12.70.3
965 171.3:1.9 148.9-3.6 142.9-1.8 138.2-1.3 82.9:0.6 11.6:0.3
1077 159.861.7 140.8-3.2 134.2-1.6 130.4-1.1 75.0:0.5 11.80.2
1219 147.31.5 137.4-2.8 124.3-1.4 122.8-1.0 71.0:0.4 11.2£0.2
1372 136.%1.6 119.6:3.1 116.2-1.6 110.5:1.1 63.7-0.5 9.9-0.3
1531 130.6:1.8 120.5:3.4 108.11.7 106.2£1.2 58.6£0.5 9.4£0.3

1670 124.92.3 109.6:4.4 96.9t 2.2 98.9-1.6 54.6£0.6 9.4+0.3
1815 124.33.1 119.3-5.9 100.0-2.9 95.2+2.1 53.9:0.7 8.7+0.5
1972 120.22.6 104.2:5.0 98. 7+ 2.5 94.1+1.8 51.5-0.6 8.5-0.5
2143 115.3 3.0 105.1+5.7 89.0+2.8 86.8-2.0 47.5-0.7 8.0:0.6
2300 120.33.3 96.1-6.3 101.5-3.2 90.74+2.2 49.3:0.8 7.5-0.8
2422 115.34.5 102.8-8.5 86.8-4.2 83.4-3.0 43.5t1.0 7.7+0.8
2509 97.5-4.0 90.4-7.5 83.74+3.8 81.4:2.7 44.9-0.9 9.1+-0.6
2698 105.54.4 110.2-8.4 86.1-4.1 81.3:2.9 41.2£1.0 7.4£0.9
2851 108.7#3.1 88.6:5.9 90.2£3.0 83.8:2.1 41.9-0.7 8.40.6
3013 104.94.2 85.8£8.0 85.2£4.0 78.5:2.8 36.2:0.9 7.5:1.0
3159 92.5-3.3 79.5-6.3 79.3t3.2 80.2:2.2 36.5-0.8 7.2£0.7
3322 97.8-4.2 72.2-7.9 85.5t4.0 79.7%+2.8 39.4-1.0 6.9t0.9
3459 95.9-4.5 95.7-8.6 77.9:4.3 74.6-3.0 38. 74 1.0 7.9:0.9
3629 93.4-4.0 74.2-7.6 77.3:3.8 74.5-2.6 38.1-0.9 9.0-0.7
3779 102.54.3 117.1-8.2 82.0t4.0 77.7%+2.8 40.11.0 7.7+0.8
234 is higher than that fof*®U, which in turn is higher than The energy dependence for all of these cross sections is

that for 28U. The cross section fof32Th is markedly lower ~similar. TheA resonance is clearly seen, and has about the
than the other actinides, as expected from previous measureame position and width for each of the actinide isotopes. As
ments[15,14. The cross section fof?Pb is about an order expected from previous data, the present photofission cross
of magnitude lower than that for thorium. sections exhibit no prominent resonance structure above the

044622-10



PHOTOFISSION OF HEAVY NUCLEI FROM 0.2 TO 3.8 GeV PHYSICAL REVIEW €5 044622

500 T T T T T T T T T T T 600 T T T T T T

400 [ 25y - . .
¢ * Np(,F) This experiment

Yol >
o 500 - -
Wr ¢ %o% 7] e » Np(1,F) SAL(00)
200 |- ;;” LT, i g a C(ytot) Bonn (99)
: e % 400 ° Pb(y,tot) Bonn (99) .
100 ‘«wg 7 3 * U(y,tot) Cornell (77)
500 ———+——+—F—+——+— = ]
o
_ 400 S
2 300 B .
< n
200 2
s g i
100 &)
300 | | |
00 1 2 3 4
200 Photon energy (GeV)
5 .’P”W;**éé** L FIG. 11. Photofission cross sections per nucleorfiédp, com-
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0 200 400 600 800 1000 1200 seen experimentally for several nuclei, and has been ex-
Photon energy (MeV) plained theoretically using the\-hole model [22]. The

higherD 5 and F 15 resonances, clearly seen in the photoab-
FIG. 10. Comparison of our absolute photofission cross sectiongorption cross section for the protgéand for the deutergn
per nucleon for®*U, ?*J, and ?*’Th with previous photofission are not observed as prominent peaks in our photofission
data from Refs[14] (A), [12] (O), and[13,1§ (*). cross sections, as expected from previous data, but could

o ) perhaps account for the aforementioned enhancement in the
A resonance, and they slowly decrease with increasing phasng_gog MeV region.

ton energy. Ho_we\_/er, there appears to be an enhancement to (c) Comparison with photoabsorption data on other nu-
the cross section in the region of higher nucleon resonancgsei The most recent photoabsorption data on C anf2®h
(500-900 MeV. are also shown in Fig. 11, together with our highest photo-
fission cross sectionr,¢ for 2Np. Above 1 GeV there is
B. Comparison with previous data good agreement among these data sets. Thus, the photofis-
(a) Comparison with previous photofission dalée pre-  Sion cross section fof*’Np appears to exhaust the total pho-
viously existing photofission data for the six nuclei are sum-Loabsorption cross section almost completely. This statement
marized in Sec. Il A. Figure 10 shows a comparison of outWill be reinforced by results presented in following sections.
data for 23%U, 238, and 232Th, with the previous photofis- Second, since there is not much variation in the photoabsorp-
sion data up to 1.2 GeV. The present data are in good agreéon cross sections per nucleon frofn=12 to A=237, we
ment at low energies with the data from REF4] which in  can infer that the concept of “universal behavior” is con-
turn agrees with the data from RgL1]. The 2% data from ~ firmed approximately, if not in fine detail. o
the present measurement agree well with the average of the A more comprehensive comparison is attempted in Fig.
Mainz [12] and the Frascafil3] data from theA-resonance 12, in which we present cross-section bands representing the
region up to about 800 MeV. However, the agreement is noPhotofission data fof*’Np, 2*U, and >**Th and the existing
as good between the preséntTh data and the Frasc4d5] PP photoabsorption daf8,21,28,42 The photofission data
data. sets include the present data as well as previous data from
(b) Comparison with photoabsorption data on the proton Refs.[11-15. Both o, and o, data were fitted using a
In Fig. 11 we present our photofission data f¥Np to- ~ Modified Breit-Wigner formula
gether with a fit to the available photoabsorption data on the .
proton from Refs[23-25. In the region of the\ resonance f(x)=a+ bx
our measurements are consistent with previoy#&\j results (x—d)2+e’
in showing a broadening of th& peak inside nuclei, com-
pared with that of the proton. This phenomenon has been The data used for the fit and the corresponding fitted func-
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FIG. 13. Photofission cross sections per nucleorffdd, 232U,
238, 232Th, and"¥Pb relative to®*'Np as a function of the incident
photon energy. Only statistical uncertainties are shown, while sys-
tematic uncertainties are 6.6% for the actinides and 5.7% for lead.

1 i i 0,
tions for Pb are shown in Fig. 1&. The band widths in Fig. ?oerstshees.a;:rtri]rlﬁdfsag?](;%a?ft’/oot?(;rséjgmatlc uncertainty of 6.6%

12(b) represent the uncertainties in the fits. The energy scale : .
is logarithmic, for clarity at the lower energies. We note thatuntljr:erzlc?.fiigio?ln?s C;t?ojfz(;%i:aﬁrl]:r tﬂ;ﬁ?ﬁgﬁgﬁ%\l?
the low-energy data on HB2] should be regarded as a lower This confirms, and extends to higher photon energies, the

limit since it includes only {,xn) cross sections, whene Rrevious lower-energy measurements at Novosibiks]
= i - . S
2, and hence does not include the other photohadron chaand SAL[14]. The other two uranium isotopes also have

nels, such as theyn), (y.p), (v,a), (y,pn), or (y,an) L a7 535 .
: fissilities lower thar?®’Np (about 85% for?3°U and slightly
237,
channels. One can see thaje /A for **Np is a few percent higher for 23). Since all three uranium isotopes undergo

higher thano . /A for Pb only below theA peak, and is in fissi ith al bability than N lud
very good agreement at higher energies, indicating again th(ﬁfs'on with a lower probability than Np, we can conclude
t our results contradict the assumption that, over this en-
o =0 for 2Np. na nptic '
FEA tire energy range, any of these uranium isotopes has a photo-
fissility of 100%.

VII. DISCUSSION For the actinide isotopes, and for Pb above 1 GeV, the
energy dependence of the relative cross sections appears to
be almost flat(see Fig. 13 For Pb, the fissility relative to

Using the highest cross section as a reference, namelﬁf”Np increases rapidly below 1 GeV, then seems to be
that for 2*’Np, we show in Fig. 13 the relative photofission slowly reaching an asymptotic value of0.075 towards 4
cross sections per nucleon as a function of the incident phdseV. However, the fissility for?®2Th, which fissions with
ton energy. The error bars reflect the statistical uncertaintiegbout half the probability of*’Np, seems to decrease slowly
only. Because the uncertainty in the photon flux cancels, thas the energy increases abov&00 MeV.
systematic uncertainties in the cross-section ratios are domi- The almost constant energy dependence of the relative
nated by the uncertainties in the respective target thickphotofission cross sections suggests that a common mecha-

A. Photofission cross sections relative t65'Np
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FIG. 14. Photofission cross sections per nucleorffdy, %, 8
238y, 232Th, and"*Pb relative to?*Np, as a function of the fissility ~ §0 | |
parameteZ?/A. = 00 1 2 3 4
o

: . . o . Ph
nism is responsible for the photofission process in all of oton energy (GeV)

these nuclei over a large energy range. This suggests in turn F|G. 15, Integrated cross sections per nucleon®8Np (solid
that the two-step cascade-evaporation mpd@] used to ex-  |ine) and the sum of protons and neutrdasshed ling
plain the fission process at intermediate energiesto about
1 GeV) may also be valid in the 1-4 GeV region. This int £
model is discussed at length in REB8], and is the subject o"(E,) :J 1o(E,) dE
of a forthcoming papef44]. A E, A v

Using the liquid-drop model, Bohr and Whee[d5] de-
fined afissility parameter »as half the ratio of the Coulomb
energyE.(0) to the surface enerdy(0) of an undeformed
nucleus of radiuR,

where E=330 MeV and E=3.8 GeV. For ?*Np, the
present photofission data were used. For the proton and neu-
tron, the integration was done using recent fit4] to the
E 2 photoabsorption datf23,24. For both curves, the starting
(0)  ZRy ) . .
= o« . point for integration was at the peak of theresonance to
2E4(0) RS minimize contributions from low-energy collective effects.
If the cross section fof*’Np were simply that for a col-
lection of free nucleons with Fermi momentum, one would
By fitting experimental nuclear masses and yields, this paexpect a convergence of their integrals around 1.2—1.5 GeV,
rameter can be approximatedxas Z°/50A. The parametex  where both cross sections cease to display resonant structure.
determines the probability of a nucleus to fission spontanerowever, we see that there is significantly more strength in
ously. Detailed estimates of these transition rates have tghe 2'Np integral, indicating that there still are collective
account for quantum-mechanical barrier penetration and fogontributions well above tha peak, where the wavelength
the permanent equilibrium deformation Of nuclei in the re-is of the Order Of the nuc|e0n radius_ Tﬁé7Np integra'
gion around uranium. In the following discussion, we will jhcreases less rapidly, however, and by about 2.5 GeV, the
refer to the ratiaZ?/A as the fissility parameter. integrated photofission cross section per nucleon becomes
Figure 14 depicts these relative cross sections as a funggwer for 231Np than for the corresponding sum of free
tion of the flSSlllty parameteZZIA. The vertical bars repre- nucleons. This may be due parﬂy to the onset of the shad-
sent the range spanned by the relative cross sections over tB@ing effect, as discussed in the next section. However, there
energy range of the present experiment. The relative fissilis also the possibility that the dynamics of the fission process
ties follow a monotonically increasing curve, which seems tomay lead to a reduced fissility at high photon enely.
approach an asymptote, lending further credence to the as-
sertion thato g = o, for *'Np.

C. Shadowing

Figure 16 shows the ratios of the photofission cross sec-
tions for 2"Np, 228, and 22Th and the corresponding cross

Figure 15 shows the integrated cross section per nucleosections for the sum of the protons and neutr2%24 in
o™/ A for 2Np and that for the corresponding sum of pro- each of these nuclei. The photoabsorption cross section for
tons and neutrons, obtained as the neutron was deduced from those for the proton and deu-

B. Integrated cross section
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We have seen that ¢ is smaller thano 5 for the three
uranium isotopes, for Th and for Pb. Thus, we cannot use the FIG. 17. Estimate of the effective relative number of nucleons
photofission cross section to measure the shadowing effecteen by the incident photon for the six nuclei studisele text for
except perhaps for the case 8¥Np, if we assume that its details. The open stars fof*0U are the photoabsorption data of
photofission probability is close to unity, as suggested byRef.[29]. The open circles for Pb are obtained by using the fit to the
Figs. 11, 12, and 14. Under this assumption, we observe iphotoabsorption data shown in Fig. 12.
Fig. 16 that the onset of shadowing occurs below 1.5 GeV,
and its magnitude is such thats/A decreases to about 80%
at 3.5 GeV, as shown in Fig. 16. It is also clear thgt for We have performed simultaneous measurements of the
2% is much less tharr,, while o for *Np is not.  total photofission cross sections, for five actinide nuclei
While the slopes of thé*Np photofission and thé*®U pho-  (237Np, 233y, 22, 238y, and 232Th), and for one preac-
toabsorption data appear to be consistent,¥Hbp photo- tinide nucleus Pb) using tagged photons of energy,
fission data are=5% below the?*®J photoabsorption data, =0.17-3.84 GeV. Our results have a statistical uncertainty
indicating thatw for 2*Np is probably somewhat less than of ~3% (varying from 1% to 6% across the energy range
unity. and a systematic uncertainty of 3:5.2% (depending on

An estimate of the shadowing for the other five nuclei inthe nucleus and the eneigy
addition to **’Np can be obtained if we estimate their total  From our results for the absolute photofission cross sec-
absorption cross sections. If, again, we assume that the fisions per nucleon and from their comparison with other data,
sility W of 2Np is close to unity, then the fissilities for the we can draw several conclusions. First, by comparing the
other nuclei are given by their fission cross sections pe?3’Np photofission cross section per nucleon with previous
nucleon relative to that of*'Np [see Eq(2)]. The averages photoabsorption data on other nuclei, we see that’tfgp
of the fissilities over the entire energy range were calculatedphotofissility is close, if not equal, to unity and that the con-
and then the photoabsorption cross sections were estimatedpt of “universal behavior” is approximately confirmed.
by the ratios of the photofission cross sections and the coSecond, the same comparison between fission and absorption
responding average fissilitieAs was then calculated, and for the other actinide nuclei shows that their fissilities are
the results are shown in Fig. 17. Except fofTh, the other less than unity, and therefore that their fission cross sections
five nuclei show a very similar behavior, withy/A values are substantially lower than their absorption cross sections.
of approximately 0.8 at 4 GeV, while fo*?Th this value is  Thus, contrary to previous belief, the photofission cross sec-
only about 0.65. tion alone cannot be used as a substitute for the photoabsorp-

VIIl. SUMMARY AND CONCLUSIONS
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tion cross section for these nuclei, even for the case of uraauclei. To do this, we would need to measure all of the
nium. Third, the nuclear-medium modification of the  hadronic decay channels following photoabsorption. Such a
resonance produces, as expected, a lower and broader pegdtailed investigation of all of the exit channels following

than is the case for the proton and the deuteron. Furthermorphotoabsorption would lead to a much better understanding

the D3 and F;5 resonances are not observed explicitly in of the microscopic mechanism governing this process.
heavy nuclei, again as expected. However, there is a slight
but clear enhancement of the cross sections between about
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