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Total nuclear reaction probability of 270 to 390 ' N ions in Si and Csl
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A magnetic spectrograph and position-sensitive detectors were used to measure the total nuclear reac-
tion probability g& for a+CsI at 116 MeV, ' N+CsI at 265 and 385 MeV, and ' N+Si at 271 and 390
MeV. From these g&'s, average reaction cross sections crz were deduced for a and ' N on CsI; these
agree with optical and strong absorption model predictions. These same models predict 0 &'s for ' N+ Si
which vary by nearly a factor of 2; our measurement favors the smaller predictions.

PACS number(s): 25.55.—e, 25.70.—z

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The total nuclear reaction cross section o.„provides
information about the radii and transparency of nuclei
and gives clues regarding their structure. 0.

& is predicted
by several nuclear models, including the optical and
strong absorption models, but these models are in sub-
stantial disagreement for some systems. There is a shor-
tage of direct measurements of this important quantity.

New methods for measuring o.~ are therefore worth
pursuing. Earlier, we measured [1] oz for 74—112 MeV
a particles in CsI by using a magnetic spectrograph to
focus monoenergetic a particles on a CsI detector located
in the focal plane. At each bombarding energy, the total
nuclear reaction probability gz (i.e., the total probability
for the a particle to have any nuclear reaction before
stopping) was determined from analysis of the detector's
energy spectrum. The energy-averaged o.~ was then
determined from the dependence of gz upon bombarding
energy. More recently, measurements [2] of o z for light
neutron-rich radioactive nuclei in Si were made by a simi-
lar method.

Here we report new measurements of gz for ' N ions
of about 270 and 390 MeV, ions incident upon both Si
and CsI detectors. It is useful to know which of these
detector types (if not both) will serve best for gz mea-
surements on light radioactive ions at the new radioactive
beam facilities currently being planned. This method is
quite appropriate for such ions produced in transfer or
fragmentation reactions, since it requires only a small
Aux of the projectiles of interest. The ' N+Si measure-
ments are of particular interest, since optical model pa-
rameters obtained [3] in recent elastic scattering measure-
ments on nearby system (' C+ Al) predict a o.

tt well
above the geometric value.

'Present address: Physics Department, University of Colora-
do, Boulder, CO 80309-0390.

The procedures, similar to those used earlier to mea-
sure 0.~ for n+CsI from 74 to 112 MeV, are described
elsewhere [1] in greater detail.

To verify that the apparatus worked properly, we erst
remeasured gz for n+CsI. An a-particle beam of ener-

gy 117.2 MeV (as determined from the analyzing magnet
8 field) was scattered at 8' from a 500 pg/cm Au target.
Scattered particles entered at the Kernfysisch Versneller
Instituut (KVI) spectrograph through an entrance slit
whose horizontal and vertical openings were 3.4' and 2.9',
respectively. They were detected by a two-counter tele-
scope in the focal plane, whose Si position-sensitive
transmission detector (PSD), 115 pm thick with an active
area 8 mm wide and 27 mm high, measured both energy
loss and vertical position. The stopping detector was a
1-cm CsI scintillation crystal, read by a photodiode and
covered by a 25-pm Al foil. The a particles entered the
latter detector with 116 MeV, and gz was determined
from the summed energy spectrum of the two counters.
The spectrograph produced a line image about 2 mm
wide and 2 cm high. Field adjustment centered this im-
age on the telescope entrance slit, which was 5 mm wide
and 8 mm high, thereby preventing illumination of the
sides of this slit. Particles too far above or below the axis
were rejected by their position signals; in particular, the
vertical edges of the spectrograph entrance slit are pro-
jected outside the accepted vertical range. Thus, parti-
cles degraded in energy by the spectrograph and detector
entrance slits were excluded from the event sample.

The Si+CsI telescope was then used to measure gz for
' N ions at two energies. These ' N beams traversed the
spectrograph with energies of 297 and 410 MeV, as was
found by comparing the spectrograph NMR frequencies
needed to focus them with those for the 117-MeV a parti-
cles. Their energy losses in the PSD and the CsI
detector's 25-pm Al cover were determined from +-
particle energy loss tables [4] and the scaling law
dE/dx=z f(v). Thus they were known to enter the CsI
stopping detector with energies of 265 and 385 MeV, re-
spectively.
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The ' N+ Si measurements utilized two crossed Si
PSD's: a transmission counter identical to that in the CsI
telescope, and a stopping counter 2 mm thick with active
area 8X47 mm. ' N ions entered the stopping counter,
which measured a horizontal position, with either 271 or
390 MeV. A vertical position gate, set during analysis,
rejected particles which could have struck the top or bot-
tom edges of the stopping counter or entrance slit.

III. RESULTS AND DISCUSSION

A. a+CsI

100
I

50
I

BE (MeVj

60—

SPECTRUM of
116 MeV I-Particles
on CsI

1.28x'10
counts

~ 40—

I—

c:) 20-

F WHM

=0.6 MeV

2077 REACTIONS

g g~,g&~&4li 6
uuL.J, „.,

I I

0 50 100

FIG. 1. Recorded energy spectrum of 116-MeV o.-particles
incident upon a 1-cm-thick CsI scintillation detector. Upper
scale shows missing energy AE due to nuclear reactions of nega-
tive Q.

Figure 1 shows the recorded energy spectrum of 116
MeV a particles in CsI. Those events selected were
among (a) the 60% of all events which passed closest to
the detector axis, and (b) the 50% of all events whose en-
ergy losses in the PSD were closest to the mean energy
loss. The anomalously small pulses are attributed to nu-
clear reactions, since all a+ ' I and a+ ' Cs reactions
have negative Q values. This spectrum yields

gz =(1.624+0.035)%. This result includes an estimated
contribution [1] of (0.027+0.004)% from inelastic
scattering and other low-Q reactions masked by the total
ionization peak. This g&, with those measured previous-
ly [1]at slightly lower energies, is shown in Fig. 2. From
all data in this figure we obtain o.z =2210+50 mb, aver-
aged [1] over the interval 74—116 MeV, in agreement
with our previous value of 2220+50 mb.

In Table I, we present the measured O.z, an optical
model (OM) prediction which uses the ' Ce parameters
of Baker and Tickle [5] and agrees well with the measure-
ment, and the predictions of some strong absorption (SA)
models. We previously reported [1,6] that several SA
models [7] greatly overpredict crz for a particles of these
energies. Table I shows, however, that the models of
Kox et al. [8] give good results for o ~; their predictions,
with and without the neutron excess term included,
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FIG. 2. Measured nuclear reaction probabilities g& for 74- to
116-MeV a particles incident upon CsI, plotted vs their initial
energy, are compared with optical model [5] and strong absorp-
tion [7,8] calculations. For the Kox [8] models, predictions in-
cluding the neutron excess term (dash-double-dotted) and
neglecting it (dash-dotted) are given.

bracket the measured value. However, at lower energies
the models of Kox et al. predict much lower o.~'s than
the other models; thus they underpredict gz (see Fig. 2).

8 ' N+CsI

TABLE I. Measurement and predictions of o.
& for a+CsI

system, averaged between 74 and 116 MeV.

Measurement
Gptlcal model
Kox (no neutron excess)
Kox (with neutron excess)
Bass
Gupta

crz (mb)

2210+50
2210
2140
2340
2570
2730

Reference

Present work
5
8
8
7
7

The cyclotron injected either 297- or 410-MeV ' N
ions into the spectrograph. They entered the CsI stop-
ping detector with residual energies of 265 or 385 MeV,
respectively, after passing through the Si PSD and the Al
cover of the CsI detector.

For several reasons, ' N+CsI reactions can give anom-
alously large signals in CsI. Some reactions have positive
Q; e.g. , Q =+2.7 MeV for ' I(' N, ' C)' Xe and

Cs(' N, ' C)' Ba. More frequently, the ' N breaks into
lighter nuclei. Such events, despite their negative Q
values, give larger signals than stopping ' N ions since
light projectiles have greater luminous efticiency in CsI
[9]. This effect (large E signals, for normal b,E signals) is
clearly shown in Fig. 3. However, the upper right qua-



TOTAL NUCLEAR REACTION PROBABILITY OF 270 TO 390. . . 247

I I I I
I

I I I
I

I I

SPECTRUM OF 010 MeV
'

N

IN Si+CsI TELESCOPE
o~ (mb) Reference

TABLE II. Measurement and predictions of o.
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Measurement
Optical model (Sahm)
Optical model (Jarczyk)
Kox (no neutron excess)
Kox (with neutron excess)
Gupta
Bass
Schroder-Huizenga

2750+220
2670
2975
2340
2550
2910
3170
3290

Present work
10
3
8
8

7
7
7
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FIG. 3. Two-dimensional energy spectra for 410-MeV ' N
ions. hE is measured in a Si transmission detector, and E in a
CsI detector. Events on the curved locus in the upper right qua-
drant represent pileup of two particles. Those labeled "REAC-
TIONS" are attributed to reactions in which ' N breaks up into
smaller particles; anomalously large E signals then result from
the greater luminous efficiency of the fragments, despite the
negative Q value.

drant of Fig. 3 also shows pileup due to two particles
entering the telescope together. Since this pileup locus
extends into the region of the hE-E plane where events
were accepted, the background of pileup signals had to be
subtracted from the large reaction signals. This was done
by plotting pileup rate versus bE for large b,E (i.e., in the
region where the two loci were well separated), and extra-
polating this rate into the AE window used for event ac-
ceptance. Neglect of this correction would have in-
creased the measured az by about 4%.

As in the a+ CsI analysis, the reaction events were ob-
tained from hE- and y-gated E spectra. At 385 MeV, the
y-gate accepted events from about the central half of the
slit; further broadening this gate increased the apparent
g„, indicating that slit-scattered events were being count-
ed. At 265 MeV, acceptance had to be limited to the cen-
tral quarter of the slit, as was expected since, at lower en-
ergies, the mean multiple-scattering angle increases. g~'s
of (0.268+0.016)% and (0.536+0.014)% were obtained
for 265- and 385-MeV projectiles, respectively; these
values include interpolated contributions for reaction
events lying under the total ionization peaks. From
them, we obtain oz =2750+220 mb for this energy re-
gloIl.

The closest system for which optical model (OM) pa-
rarneters are available is ' C+ Zr, which has been ana-
lyzed at both 300 MeV [10] and 344 MeV [3]. Our data
are compared with the OM predictions and some strong
absorption (SA) calculations in Table II and Fig. 4. Our
o.z value, by itself, is consistent with the OM predictions
and both the Kox (with neutron excess) and Gupta SA
calculations. However, gz is determined by integrating

o z over energy, and the data (see Fig. 4) favor the predic-
tions from the OM parameter set of Jarczyk et al. [3]
over those from the OMP's of Sahm et al. [10];therefore,
the latter must predict too little o.z at lower energies.

C. ' N+Si

The previously described ' N ion beams emerged from
the transmission Si detector and entered the stopping Si
detector with energies of either 271 or 390 MeV. These
two detectors had one-dimensional position sensitivity in
perpendicular directions. After focusing by the spectro-
graph, the secondary beam width parallel to the long axis
of the stopping detector (i.e., the x direction) was smaller
than the widths of the slit and transmission detector.
Two-dimensional (x vs E) spectra from the stopping
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FIG. 4. Measured total nuclear reaction probabilities for
265- and 385-MeV ' N ions incident upon CsI, plotted vs initial
energy. Predictions are shown for two OM parameter sets
(Jarczyk et al. [3] (dash-dotted curve), and Sahm et al. [10]
(solid curve) ) and two SA models (Kox et al. [8], neutron excess
term included (dashed curve) and Schroder-Huizenga [7] (dash-
double-dotted curve) ).
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detector revealed that, in one run, the beam had struck a
vertical edge of the slit or transmission detector; these
data were discarded. Other runs were analyzed with
tight gates set on AE and the y coordinate, but without
restriction on the x coordinate.

Of the transfer reactions from ' N+ Si, only
Si(' N, ' C) has a positive Q value, which is too small

(+1.57 MeV) to resolve the group from the ionization
peak. No significant background, from either reactions
or pileup, appeared above the peak. Therefore, g~ was
found from the event yield below the peak in the gated
energy spectra, including interpolation of this yield to the
peak center to allow for reactions of small negative Q.
The values (0.388+0.010)% and (0.815+0.015)% were
obtained for q& at 271 and 390 MeV, respectively. These
give az =1445+60 mb for this energy region.

The data and predictions are presented in Fig. 5 and
Table III. The predictions vary widely, by nearly a factor
of 2 for both optical and strong absorption models. The
closest systems for which OM parameters are available
are ' C+ Al at 344 MeV [3], ' C+' C at 300 MeV [10],
and ' 0+ Si at 215 MeV [11]. The measured o ~ agrees
with the ' C+' C OM prediction and is somewhat larger
than the Kox et al. [8] SA prediction. Other predictions
from models of both classes are far too large.

We present this measurement with caution since it is at
the lower range of such widely varying predictions.
Probably the only systematic experimental error which
could reduce o z is the failure to count reactions of such
low Q that their signals lie under the total ionization
peak. Good energy resolution enabled us to count all re-
actions with (Qj ) 3 or 4 MeV in the 271 and 390 MeV
measurements, respectively. Thus the ' N+ Si transfer
reactions producing ' C+ P, ' N+ Si, and ' 0+ Al
in their ground states, all of which have (Qj (2.1 MeV,

TABLE III. Measurement and predictions of cr& for ' N+Si
system, averaged between 271 and 390 MeV.

Measurement
OM-Sahrn
OM-Cramer
OM-Jarczyk-165
OM-Jarczyk-80
Kox
Gupta
Bass

~, (mb)

1445+60
1480
1860
1915
2365
1290
1960
2160

Reference

Present work
10
11

3
3
8
7
7

were not counted. However, other intermediate-energy
heavy-ion studies [12] suggest that integrated cross sec-
tions for such reactions are at most a few mb. A o-~ mea-
surement [2] similar to ours, but with a 4m. NaI detector
array added to detect low-Q quasielastic reactions, found
that such events are only a few percent of the total yield.
Thus it seems unlikely that the present measurement has
missed a large fraction of the true o.~.

It seems significant that the Kox et al. [8] SA model
slightly underpredicts this measurement since, as shown
earlier, it alone among the SA models fits the a+Si data.
The simplest classical model, which allows for Coulomb
deflection of the orbits, gives for the geometric cross sec-
tion

o~ =mR (1—V/E, ),
where V is the Coulomb potential energy at the interac-
tion radius R, the latter being given by
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A radius parameter ro =1.3 fm then reproduces our o.&.
This value seems small (but perhaps not unreasonably so)
since a smooth-cuto6' analysis [13] of elastic scattering in
heavier systems finds the maximum ro at which absorp-
tion occurs to be 1.49 fm. However, the widely used Bass
model [7] predicts (see Table III) o.~ =2160 mb.
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FICr. 5. Measured total nuclear reaction probabilities for
271- and 390-MeV ' N ions incident upon Si. Predictions are
for the same models as Fig. 4, except that the Csupta rather than
the Schroder-Huizenga SA model is used.

IV. CONCLUSIONS

The average cr~ for a+CsI, obtained from the new 116
MeV gz measurement and earlier data [1], agrees with
both OM predictions and those of the Kox et al. strong
absorption model; indeed, the model of Kox et al. ap-
pears to be the only SA model which can fit o.'-particle
data.

The average o.~ for ' N+CsI, between 265 and 385
MeV, agrees with several OM and SA predictions
[3,7,8, 10]. However, since the reduced luminous
efficiency of CsI for heavy ions places some reaction
events above the peak, the usefulness of this technique for
measuring heavy-ion o.~'s on CsI may be impaired.

Silicon detectors seem better suited than CsI for
heavy-ion oz measurements; in general, larger detectors
than those used in this experiment are desirable, for in-
creased efficiency and assured freedom from slit scatter-
ing. Their use in the ' N+Si measurement provided easy
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discrimination between the available OM and SA predic-
tions. However, since the predictions differ so dramati-
cally, both confirmation of our measurement and further
studies in this region are needed. The latter could useful-
ly focus on both systematics and energy dependence.
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