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ERRORS IN THE TOTAL REACTION CROSS SECTIONS
AND ENERGIES OF INCIDENT PARTICLES MEASURED USING
MODIFIED TRANSMISSION TECHNIQUE

Abstract. When determining the values of the total reaction cross sections and the energy of the particles of a
beam of weakly bound nuclei, there are always statistical and systematic errors. The former depend on the data
collected, the latter — on the components of the experimental setup. A thorough study of the used equipment and
components, such as targets and detectors, makes it possible to evaluate and minimize the effect of systematic errors.

In this paper, for the first time, the guidelines and basic principles for determining the errors in the total cross
reaction sections and the beam energy in the course of the experiment are described in detail, and the determination
of their errors in a particular experiment is demonstrated.

Keywords: statistical and systematic errors, total reaction cross section, y-spectrometer.

Introduction. The total error of the final quantity is not only the statistical error of the recorded
events. It must include the errors in determining all other quantities used in the calculation formula, for
example, the errors in the measurement of the thickness of the target, the distance to the source and others.
These errors are systematic errors. Systematic errors are caused by the imperfection of instruments,
incorrect installation of the device, displacement of the scale, inaccurate setting of the instrument pointer
in the zero position, low sensitivity of the instrument, neglect of external factors affecting the result of
measurements (thermal, electric and magnetic fields, pressure, humidity and others) approximate
equations and constants used to calculate the desired quantities, and other factors [1].

Systematic errors unlike statistical errors are not described by the methods of mathematical statistics.
They can be reduced by examining the instruments used in the experiment and introduction of corrections
in the results of measurements.

In this paper, we would like to give an example of the determination of systematic errors by the
example of measuring the total cross section of nuclear reactions.

The two main experimentally determined parameters of the nuclear interaction are the values of
angular distributions of the differential cross sections (ADDCS) of elastic scattering and total reaction
cross sections (TRC). The method of determination of errors of angular characteristics and angular
distributions of the differential cross sections of elastic scattering is described in detail in [2, 3].

Let us determine errors in the measurement of total reaction cross sections. The values of the total
reaction cross sections are measured indirectly, i.e., using the results of direct measurements of particle
fluxes /pand / incident on the target and passing through N target nuclei without interaction, respectively.

The total reaction cross section

The TRC value is connected with the intensities of particle fluxes /yand / by the equation:

o, =(,-1)/N-I,. (1)

— 20 ——
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The equation (1) shows that for the direct measurement of the total reaction cross section oy it is
necessary to simultaneously measure two quantities, namely, the difference (/o— /) and the corresponding
intensity of the flux /,. This method, called the «transmission method», is most commonly used to
measure TRC.

Experimental setup. In our experiment, where we measured the total cross sections for the
interaction of *He, ’Li with the nuclei of **Si, *Be, *Co and '®'Ta, we used the modified transmission
technique based on the use of a multilayer telescope with semiconductor silicon detectors combined with
a 4n-geometry scintillation gamma-spectrometer [4, 5]. This technique provides a direct measurement of
the number of events in the reaction AR = (I, — I), normalized to the flux intensity /y. The number of
events in the reaction 4R was determined by registration of radiation at least in one of the six detectors of
the y-spectrometer in coincidence with the starting semiconductor detector of the telescope.

The experiment was conducted at the U-400M accelerator in the G. N. Flerov Laboratory of Nuclear
Reactions, JINR (Dubna). The secondary beam of “He and *’Li nuclei of intensity /) ~ 0’ s in the energy
range £ = (5 —30) MeV/nucleon was obtained as a product of the fragmentation reaction of the primary
beam of ''B nuclei (E = 32 MeV/nucleon) on *Be target. The secondary *’Li-beam was formed using the
elements of the magnetic system of the ACCULINNA fragment separator equipped with the eight-meter
TOF transport line for particle identification.

In the input and output parts of the separator channel, thin plastic scintillation detectors, which
identified particle energy by energy release dE and by the time of flight TOF, were mounted. Multipole
focusing elements provided further transportation of “He and *’Li beam to the low-background separator
cabin.

This experiment took into account the experience and corrected methodological errors of the
previous works. The attempts of joint application of a full geometry y-spectrometer and transmission
technique had a number of significant shortcomings and gave only estimates and only for «energy-
integrated reaction cross sectionsy.

One of the disadvantages of this method is that the main source of gamma and neutron background
(telescope E-detector of the full beam stop) was placed in the sensitive area of the y-spectrometer, so that
it fixed y-radiation from the events both in the test target and in the E-detector material, where the number
of nuclei is several orders of magnitude larger than that in the target.

In our improved modification of the experiment, all basic background y-sources are minimized and
placed beyond the sensitive area of the y-spectrometer, and in the physical installation the events
ensemble was chosen so that y-spectrometer played the main role in their analysis, and the E-detector was
not a background y-source. The other part of events, pretending to be nuclear reactions, was selected by
the transmission method, where the y-spectrometer analysis plays a secondary role. Therefore, this
physical installation provides two separate exposures ©>>0" and ©~0° with the corresponding intensities
of *’Li beam, y-spectrometer functions, etc.

4n-geometry CsI(TI) scintillation y~spectrometer was installed in the low background cabin in the
additional Pb-protection. The studied target, in particular, dE Si-detector, was placed in the center of the
y-spectrometer (see Figure 1). The other dE and E detectors of the semiconductor telescope were placed
along the beam axis, before and after the studied target, beyond the sensitive zone of the y~spectrometer.

The target (dE - detector) was placed in the central zone of the y-spectrometer, whereas all other
telescope detectors, in particular, identifiers dE,and dE;, detectors-identifiers of reaction products dE; and
E detector of full beam stop were located in the (n-y) — protection beyond the sensitive zone of the
y-spectrometer. The experimental technique using 4n- scintillation y-spectrometer is described in detail
in [4, 5].

Semiconductor dE), dE,; detectors and active collimator dE 4« were placed before the target and used
for identification of “He and ®°Li nuclei, and their separation from the other particles-products of the
secondary beam. Recording of information started for each event when a particle passed through the
detector dE;. Different thicknesses of dFE, and dE, detectors allowed the experimenters to change and
measure the energy of *’Li particles incident on the target for each event of particle passage.
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Figure 1 —The scheme of the experiment on measuring reaction cross sections by 47x- scintillation j~spectrometer

The secondary beam of *He and *’Li nuclei successively passed the following parts of the instal-
lation:

- the group of plastic scintillator TOF — dE detectors of ACCULINNA separator;

- the group of semiconductor detectors dEy, dE; for additional identification of the beam particles and
reduction of their energy;

- the active collimator detector AK;

- the target located in the center of 4n-geometry CsI(T1) y-spectrometer in the (n-y)- protection;

- the E detector located along the beam axis behind the target.

The E detector was located beyond the y-spectrometer and recorded the beam particles having passed
the target.

Figure 2 shows the two-dimensional spectra: the dependence of energy losses in dEy on TOF (left)
and energy losses in the detectors dE, and dE; (right). Compact grouping of points in the two-dimensional
spectra shows a reasonably good separation of °He- and *’Li-isotopes.

1400+ 1400
1200+ _ 12007
'-.E 9L s : - ._._.-gLi
800 . G = 800"
400- i IS
sHe ® 400 S 4
0 : - - 0
0 1000 2000 3000 4000 0 250 500 750 1000
TOF dE1

Figure 2 — Two-dimensional spectra of identification detectors dE,and dE;: energy losses in dE,and TOF (left)
and energy losses in the detectors (dE, x dE;). (right). The spectra demonstrate good separation of *He and *°Li nuclei formed
as products of (''B + °Be) reaction

Gamma spectrometer with 4m-geometry recorded y-quanta in coincidence with the starting
dE;-detector. For each event, the system recorded information about the energy of y-quanta and the time
of their registration.

The number of events-reactions AR = (I,— ) was determined by registering radiation at least in one
of the y-spectrometer detectors in coincidence with the starting dE; detector. Thus, the total cross section
of the reaction was calculated by (4) using the results of measurement of /yand 4R values.

The errors in determining the total reaction cross sections. Expression (1) shows that for direct
measurement of the total reaction cross section oy it is sufficient to measure two quantities, namely, the
difference (/) — 1) and the corresponding flux value /,, simultaneously.
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In accordance with formula (1), the main contribution to the error of the TRC value is made by
statistical errors and errors in determining the target thickness (in the calculation it is the number of target
nuclei).

The absolute error is calculated from the expression:

Ao, =0y-5 . )

The relative error of the measurement result Jis determined by the expression:

5 = (SN +(56)° +(Shy.)* + (Shy)* 3)

where JN is the statistical error, de is the error determined by the efficiency of detectors, dhy,, is the error
in determining the target thickness, dh4 is the error in determining the thickness of detectors. Let us
consider these errors.

Statistical error:

“4)

where N is the number of events.

Table 1 — The number of events for different particles detected by the detectors. The error value for each value is VN

Run *He 8L

69 100176 101677 8i 420 pm

77 101889 105373 8Si 200pm

85 789070 943720 2831420 pm

99 1735797 1149928 2831420 pm

103 603406 475292 83i420 pm

run *He 8Li °Li
12 1342089 291723 88 510pm
24 69625 586099 13499 88 510pm
32 180758 1747947 56384 S 510pum
33 169484 1621098 42805 2881 510pm
37 248417 2119843 60880 88 510pm

Table 1 presents the quantitative data from the spectra for *He- and ®°Li- particles interacting with
*%Si. The statistical error (4) in our experiment (Table 1) is less than 1%.

Error caused by the detector efficiency.

Efficiency of silicon semiconductor detectors. To identify beam particles we used semiconductor
silicon detectors — penetrated (from 3 to 6 pieces) thin dE-detectors with a thickness of 200, 420, 510 pm
and a 710 um E-detector for total absorption.

Separation (selection) of the products of nuclear reactions by the one-dimensional spectra in the
studied detectors leads to measurement errors and determines the accuracy of selection of events in
nuclear reactions in the studied pair of detectors. These errors are not less than 1%.

Errors in determining the thickness of detectors. Table 2 presents the main characteristics of silicon
semiconductor detectors used in the experiment.

The efficiency of registration of charged particles by semiconductor detectors is 100%.

Efficiency of y-spectrometer. We used the y-spectrometer assembled from six y-detectors made of
inorganic scintillator CsI (T1). Each detector consists of a scintillator in the form of a straight prism of 14
cm high, the base of which is a regular hexagon with the radius of the circumscribed circle of 10 cm, and
a photomultiplier PMT-110, optically coupled to the end face of the CsI(Tl) prism.
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Table 2 — Nominal characteristics of silicon semiconductor detectors used in the experiment.
Values are given without errors from the manufacturer's data

Diameter of active area, mm 40

Diameter of semiconductor wafer, cm 10.16

Detector thickness, microns 200, 420, 510, 710

Dead layer, nm 50

Thickness of metal (aluminum) cover the entire active area of the detector, microns 0.5

Minimum energy threshold, keV 4 —electrons, 90 — protons
Energy resolution, keV ~(50-70)

The surface of each scintillator is polished and coated with 150 pm-thick reflective film Tyvek®
DuPont™, Wilmington, DE [6] in two layers. The scintillator is placed in the sealed enclosure fromImm-
thick light-shielding plastic.

It is supposed that the y-spectrometer covers the solid angle 4m (360%). In practice, the solid angle
covered by the detectors is less than 4m. Not all y-quanta emitted in the reaction get to the detector.
Moreover, even after getting into the detector, not all y-quanta are recorded. For y-spectrometry it is very
important that the y-quanta lose all their energy in the sensitive area of the detector and are registered in
the peak of total absorption. Errors related to this process are not less than 1%.

The most important characteristics of y-spectrometer, determining its efficiency, are the light output
and energy yield of scintillators. Many different scintillators have been created. Table 3 lists the properties
of some commonly used scintillators including CsI (TT), which was used in this experiment.

Table 3 — Comparative characteristics of some scintillators

L light yield energy density t(ty) Amax hA.c | Refraction
Scintillator % (%) yieldn | p (g/em®) Zaverage (ns) nm (eV) index
Anthracene (Ci4H;o) 100 0.034 1.25 3.9 30(2) 447 2.77 1.62
Stilbene (Cy4H1¢) 50 0.030 1.16 4 4.5(0.1) 410 3.03 1.626
NE-102A, plastic 65 0.01 1.032 ~5 2.4(0.6) 423 2.93 1.58
Nal(T1) 230 fggthr') 0.16£0.01 | 3.67 ~32 230(6) | 415 | 2.99 1.85
680(64%)
CsI(T1) 171 0.06 4.51 ~54 3.34(36%) | 540 2.30 1.80
(22)
BGO (Bi4Ge;0y5) 22 0.013 7.13 30 300 480 2.58 2.15

To determine the efficiency of the spectrometer, ideally calibrated springs were used. In such
measurements, measures were taken to reduce the possibility of errors due to the measurement technique:
the error in the geometric reproducibility of measurement conditions was reduced to 0.1%.

Usually, to determine the efficiency, a set of standard reference sources of y-radiation and reference
radio nuclides with a set of y-lines of different energies E; (such as "**Eu, '**Ba, "*’Cs and **'Am), for
which the initial specific activity A4, (this specific activity is determined for the moment of manu-
facturing), are used. In our case, as the referencey-source “°Co and "*’Cs were used.

The efficiency of registration of y-radiation with energy E; in predetermined conditions (geometry,
sample) is determined by the formula:

N
Aék.q.t.m.Kc’

S(Ei) = (5

where 4," is the certified value of the specific activity of the source at the time of measurement; g is the
output of y-quanta per one beta decay; ¢ is the time of measurement; m is the mass of the source; N;is the
number of counts in the spectrum during the time interval #; K, is the self-absorption coefficient for
radiation.

—— 4 ——
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Usually ¢(E;) and K.(E;) are determined together experimentally:

g(E,-)‘KC(Ei)=A,k‘qL‘tm (©)

Ay™ for a concrete measurement is equal to:
AX = 4, -exp[-0.693-(t, - 1,)/ T, , ], (7)

where 4, is the specific activity at the time of certification; (7, — ¢,) is the time elapsed since the certi-
fication before the measurement; 7, 1s the half-life.

In our case, the efficiency of detection of y-quanta was 80%.

Error in determining the target thickness. The success of the experiment on studying nuclear
reactions depends on the properly selected targets. The most important requirement for the quality of the
target is its thickness, uniformity and isotopic enrichment.

Determination of the reduced number of target nuclei depends on the target thickness. The error in
determining the thickness of the target is caused by the instrumental error of the instruments used in
measurements. To measure the thickness of the target, we used non-contact measuring instrument CHY -
CB for thickness measurements with the instrumental error of 3%.

We used self-supporting targets from **Si with a thickness (500 + 0.55) mm (Table 2), which
simultaneously played the role of detectors, and passive targets of *Be, *’Co and '®'Ta with thicknesses
(200 = 8), (65 £2.6) and (100 £ 4) mm, respectively.

The errors caused by the target uncertainty are 0.1, 8, 4, and 2.6% for %31, *Be, ¥Co and "*'Ta,
respectively.

Thus, the main contribution to the TRC errors is made by statistical errors; errors caused by the
efficiency of detectors; as well as errors in the determination of thicknesses of targets and detectors.

The statistical errors introduced by the data collection system are small (Table 1) compared to other
values.

Errors in determining energy values. The second important quantity in the experiments on
determination of TRC values is determination of the error in the energy of incident and registered the
secondary particles.

Errors in the determination of energy values are caused by two factors:

1) The initial energy spread of particles incident on the telescope.

Figure 3 shows a typical example of the energy resolution for the secondary beam of *He ions with
an average energy equal to 100 MeV, which was determined by the energy losses in the detectors, in
which the cross section was measured.
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Figure 3 —A one-dimensional spectrum of the total energy loss of particles in the telescope detectors
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Consider an example of finding the errors in determining energy. For this purpose let us use the data
on the parameters of the primary beam in the given experiment (Table 4).

Table 4 — Parameters of the ;;B*'-primary beam

Parameter Value
Date (19.02.2014 —20.03.2014)
Average flux on the target, nA 500.0
Beam energy, MeV/nucleon 40.0
Pure time of target irradiation, hours 655
Frequency, MHz F=15.01
Harmonic n=2
Magnet current, A 1893.90
Date (14.01.2016 —28.01.2016)
Average flux on the target, nA 200.0
Pure time of target irradiation, hours 178

Let an ion beam with the energy of £ = (100 = 0.7) MeV, with the lowest energy of ions £, equal to
99.3 MeV and the maximum E, = 100.7 MeV (energy value at the half maximum of the energy
distribution) fall on the telescope. Suppose that the third telescope detector is used as a target, i.e. the
detector in which the reaction cross sections are determined (see Figure 4).

After the first two detectors the average energy of ions, as a result of ionization losses, decreased to
93.5 MeV. The minimum ion energy became equal to 92.8 MeV, and the maximum — 94.3 MeV.

After passing through the target detector the average energy of ions became equal to 84.3 MeV, the
minimum energy — 8§3.5 MeV, the maximum — 85.1 MeV.
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Figure 4 — An example of finding errors in the determination of ion energy

The difference between the maximum energy of ions before hitting the target and the minimum
energy after its passage determines the energy error. This value was on average equal to 10%.

Thus, the total value of the TRC error is on average Aoz = (5 — 8) %. The error in the determination
of the incident particle energy is on average 10%.

— 26 ——
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Conclusion. When measuring the TRC values and in determining the beam particle energy, statis-
tical and systematic errors are always present experimentally. The former depend on the data collected,
the latter on the components of the experimental setup. A thorough study of the equipment and com-
ponents used, such as targets and detectors, makes it possible to evaluate and minimize the effect of
systematic errors. In the given example, the best value of the total error of the TRC value is, on the
average, Aoy = (5-8) %. The value of the total error in determining the energy of the incident particles is
higher and averaged 10%.
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AnHoTamms. JKymbicta siaposapbl aici3 GailaHbICKAH OJIIIeK IIOKTapbhIHBIH YHEPTHsACH KOHE PEaKUHUsUIApAbIH TOJBIK
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HOIPEIIHOCTHY BEJIAYMH IIOJHbIX CEYEHUI PEAKIIANA U SHEPT U HAJIETAIOLIIAX YACTHI]
IPY USMEPEHUAX MOJAPUITNPOBAHHON TPAHCMHACCUOHHOM METOIAKON
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9KCHEPUMEHTE.
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