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1 Introduction

The importance of studying reactions between light nuclei in the ultralow energy
range is emphasized in many papers [1-7] for this may allow a possibility of verifying
fundamental symmetries in strong interactions [1-4] and solving some astrophysical
problems [5-7].

However, it is very difficult to carry out such research at classical accelerators be-
cause cross sections for nuclear reactions in the ultralow energy range are extremely
small.

A new method for investigation of nuclear reactions by using radially converging
powerful fluxes of ions generated in the course of liner plasma implosion (formation
of a direct Z-pinch) was proposed in [7-10].

This method allowed the effective cross sections for the dd reaction

d+d—°He+n(2,5MeV) (1)

and the astrophysical S-factor to be estimated for the first time in the deuteron
collision energy range 1.8 + 2.3 keV [10-16] (see Fig. 1).

It is of interest to study nuclear reactions between light nuclei at higher deuteron
collision energies (3 + 7 keV) because these studies will make it possible not only
to measure the dd reaction cross sections in the above energy range for the first
time but also to compare them correctly with the calculations and the experimental
results at collision energies 6 <+ 7 keV [17,18].

For these investigations we proposed a method based on inverse Z-pinch forma-
tion [19].

The inverse Z-pinch scheme has a few advantages over the direct Z-pinch config-
uration:

(a) the density of the incident plasma flux decreases;

(b) the processes of the electrodynamic liner acceleration and liner-target inter-
action are better discriminated in time;

(c¢) the method of measuring the energy distribution of accelerated liner ions
with optical detectors, which detect radiation from the liner in the course of its
acceleration, becomes technically much simpler.

Characteristics of the deuterium liner accelerated to (2.8 + 7.2)-107 cm/s were
first experimentally investigated within the inverse Z-pinch scheme in [19].

The results of investigating the inverse Z-pinch formation [19-21] indicate that
the proposed method can be used to study nuclear reactions in the ultralow energy
range.

Another point is worth mentioning. To use a liner plasma for precise investigation
of nuclear reactions (measurement of cross sections, astrophysical S-factors), one
should know the energy distribution of accelerated liner ions and the liner-target
interaction model because the cross sections of the reactions in question are sharply
dependent on the particle collision energy in the entrance channel.
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Figure 1: Astrophysical S-factor for dd reactions as a function of the deuteron
collision energy — solid circles, solid triangles, and solid squares are the data from
[16], [17], and [18] respectively; the circle is the result of the present paper

In this connection an investigation [21] was carried out to develop a method for
measuring the energy distribution of accelerated deuterons in experiments on the
study of the dd reaction by using the inverse Z-pinch scheme.

That methodological investigation was carried out with a deuterium liner and a
deuterated polyethylene target and involved a few shots (by a shot is meant a single
operation of the high-current accelerator). The present paper reports the results
of analyzing the experimental information gained in these shots (S-factor and dd
reaction cross sections).

2 Measurement method

Experimental determination of the astrophysical S-factor is based on measurement
of the neutron yield from reaction (1) and parametrization of the dependence of the
dd reaction cross section on the deuteron collision energy

S(E),

o(F) = 7

@



(Ze)z (1>1/2
2y = 2L = 29 ( —
™ T % 31,29 7 ,

where 7 is the Sommerfeld parameter, Ze is the deuteron charge, E is the center-of-
mass deuteron collision energy (in keV), V is the velocity of the relative deuteron
motion.

As was found in [22], the total yield of detected neutrons N;*P from reaction (1)
can be represented as

NE? = Nynie, S(E) / " e ™D (E)dE /E C B, (3)
0
where the average S-factor value is given by the expression
S(E) = /E S(E)P(E)dE (4)
corresponding to distribution function

e *™D(E) [ f(E')dE"

MO = e b i I f(mhaE ©)
1 de
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In addition, energies average over the distribution functions f(E) and P(E)
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will be used below. Here f(E) is the energy distribution function of the liner
deuterons incident upon the target; P(E) is the differential deuteron collision en-
ergy distribution function of the probability for yield of neutrons from reaction (1)
normalized to unity; ¢, is the detection efficiency for 2.5-MeV neutrons; F is the
average deuteron collision energy corresponding to the distribution function f(E);
Ny is the number of deuterons incident upon the target; n, is the deuteron density
in the target; dE/dz = —(mnse*)L/2F is the specific Coulomb energy loss of liner
deuterons because of their collisions with target deuterons [23]; e is the elementary
electric charge; L is the Coulomb logarithm for the deuterium plasma conforming
to the experimental conditions [23]; Eeo is the average deuteron collision energy
determined by the function P(E).

Reaction cross section parametrization (2) assumes that the Coulomb potential
corresponds to interaction of bare deuterons.



In addition, the following is worth mentioning:

1) expression (3) was derived with allowance made for the energy spread of
incident deuterons and Coulomb energy loss at their interaction with the target;

2) further replacement S(E) — S(E.y) is assumed in the energy interval deter-
mined by the deuteron energy spread and Coulomb energy loss.

This is because the S-factor is a slightly varying function in the given deuteron
collision energy interval.

Thus, measuring the neutron yield from the dd fusion reaction and the energy
distribution of incident deuterons in a particular shot, one can find by (3) the average
value of the S-factor for the dd reaction. This value corresponds to the average
deuteron collision energy E., determined by the distribution function P(E). Note
that for finding S(E) from (3) one should also know the total number of incident
deuterons Ny and the neutron detection efficiency ¢, of the experimental setup.

The quantity N, can be found by calculation within the zero-dimensional model
of the inverse Z-pinch formation dynamics with using the data obtained with mag-
netic dB/dt probes. The detection efficiency for 2.5-MeV neutrons can be found
both experimentally with using standard ?2Cf, Po-Be sources of neutrons and by
the Monte Carlo calculation. As to ny, its values fully depends on the procedure
used to apply deuterated polyethylene on the target backing.

3 Experiment

The experiment was carried out with the pulsed high-current accelerator SGM (gen-
erator current I = 950 kA, high-voltage pulse duration 7 = 80 ns [24]) at the Institute
of High-Current Electronics. The experimental setup consisting of a high-current
generator, a load module, and detecting and diagnostic equipment is schematically
shown in Fig. 2.

The initial deuterium liner was formed with a fast electromagnetic valve and a
supersonic Laval nozzle. The average liner radius was 15 mm. A current-intercepting
structure (CIS) in the form of a squirrel cage of radius 45 mm made of rods 1 mm
in diameter was installed on the way of the radially diverging plasma shell. The CIS
installation radius determines the liner acceleration path. The current through the
liner was measured with the Rogovsky coils.

Three light detectors LD1, LD2, and LD3 were installed behind the CIS along
the radius in the direction of the liner’s motion away from the axis. The distance
between the CIS and LD1, LD1 and LD2, and LD2 and LD3 was 50 mm. Each light
detector consisted of a collimator, a quartz light guide, and fast photomultiplier.

The target was placed around the liner. It was a cylindrical copper shell with a
radius of 185 mm and with a length of 40 mm. The inner surface of the target was
coated with a CD, layer 0.25 mm thick.

Fast neutrons were detected by a time-of-flight method with using the plastic
scintillator detector D1 (d = 10 cm, 1 = 20 cm).
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Figure 2: Experimental setup — (1) high-current generator, (2) accelerator load mod-
ule, (3) measuring chamber, (4) grid cathode, (5) return conductor, (6) supersonic
Laval nozzle, (7) liner, (8), current-intercepting structure, (9) scintillator detector
D1, (10) thermal-neutron detector D2, (11) Pb shielding, (12) light-protecting cone,
(13) collimators, (14) light guides, (15) magnetic dB/dt probes, (16) CD, target;
the electromagnetic valve is not shown

The total flux of neutrons emitted at interaction of the deuterium liner with the
target was measured by thermal-neutron detector D2. It consisted of 10 proportional
BF3 counters enclosed in polyethylene moderator. The detectors D1 and D2 were
installed at the respective distances 410 and 277 cm from the liner axis. They were
shielded with 5 cm of Pb to suppress the effect of powerful X-ray radiation and
bremssstrahlung on them. The neutron detection efficiency was 4.5 - 10~ for D1
and 4.0 - 1076 for D2.

Pulses from the three light detectors and the neutron scintillator spectrometer
arrived at the inputs of the TEKTRONIX oscilloscopes. The high-voltage generator
current pulse was a ”Trigger” signal.

The experimental setup is described in more detail in [19-21].

Table 1 presents the CD, target and deuterium liner parameters in shots 1 and
2.



Table 1: Experimental conditions

Shot | E?, | E, m, L, | Ng, ny, moldsE | oy, t, | N
No | keV | keV | pug/em | cm | 1018 | 1022 4 | MM | mm | mm | mm
cm™

1 1224252 6.2 2 [372] 80 30 | 32 | 185 ]0.25| 15.5
2 1.20 | 1.42 | 5.3 2 13.18| 8.0 30 | 32 | 185]0.25|0.077

E, EP are the average and the most probable center-of-mass deuteron energies corresponding to
the distribution function f(E), m is the liner mass per unit length, ! is the liner length, n; is the
density of target atoms, di™ is the internal diameter of the liner, df® is the external diameter of
the liner, r; is the target arrangement radius, ¢ is target thickness, Ngd is the yield of detected
neutrons calculated by (3) with the S-factor equal to 53.8 keV-b [18]

The liner mass was found by using the zero-dimensional model of liner motion
and the information on the current through the liner and the instants of appearance
of signals from the magnetic dB /dt probes detecting passage of the liner current shell
through them. Liner acceleration was monitored with two dB/dt probes placed at
the radii of 23 and 34 mm.

The mass of the liner and its velocity over the radius at which the CIS was
placed were taken to be such that the calculated times of arrival of the liner at the
positions of the magnetic dB/dt probes coincided with their real readings within the
measurement error.

4 Analysis of the results

The energy distribution of liner ions incident on the target was measured by means
of recording optical radiation of the liner (Hy and Hp lines) moving radially away
from the axis.

The times of appearance of signals from the light detectors (placed at certain
distances from the CIS) and the durations of these signals (dictated by the duration
of the light pulse) are related to the distance from the CIS by the equation

At = 16, 15— Le (BB,

V (Ep)ls (Ep)ls ’ (8)

where A#(ns) is the full width at half-maximum of the light pulse from the detector
placed at the distance Ly(cm) from the CIS (it is assumed that after the liner reaches
the CIS, its further motion is free motion of the currentless shell); (E?);, is the most
probable energy of liner ions in lab system (in keV); (AE)j, is the total width of
deuteron energy distribution in lab system (in keV) at the distance L from the CIS.




Thus, broadening of light signals with increasing distance between the liner and
the CIS characterizes the corresponding liner ion energy spread.

Note that changing-over from the time dependence of the liner light intensity
measured by the detectors LD1 — LD3 to the energy distribution of liner ions is based
on some assumptions concerning motion dynamics of an expanding liner plasma
(deuterium liner).

One of the major assumptions is that thermodynamic equilibrium is established
between ions and excited neutrals in the expanding plasma and its stable acceleration
takes placel.

By way of example, Fig. 3 displays oscillograms of signals from the light detectors
LD2 and LD3 in shot with deuterium target (shot 1).

Table 2 presents results of processing oscillograms of LD2 and LD3 pulses in
shots 1 and 2.

Figure 4 displays deuteron energy distributions f(FE) and P(E) measured in shot
1 and corresponding to the time distributions in Fig. 3.

For finish processing of the experimental data the energy distributions f(E) and
P(E) (see Fig. 3 and 4) found by averaging the corresponding distributions obtained
with the detectors LD2 and LD3 were used for shots 1 and 2.

In Fig. 5 deuteron energy distributions f(E) and P(E) measured in shot 2 are
displayed for illustration and comparison with results of the analysis of the data
from shot 1 with the CD, target.

The astrophysical S-factor was found by formula (3) with the deuteron energy
distribution f(E) averaged over the LD2 and LD3 data and the measured yield of
detected neutrons N*? substituted into it.

The yield of detected neutrons was found as follows.

Figure 6 displays the oscillogram of the neutron spectrometer signals in shot
1. The right and left arrows indicate the limits of the time interval within which
detection of neutrons from the dd reaction is possible. These limits are dictated by
the energy distribution f(E) of accelerated deuterons incident upon the target: the
right limit corresponds to liner deuteron energy EP - 205 and the left limit to E?
+ 20E, where og is the root-mean-square deviation of the deuteron collision energy
over the distribution f(E).

The middle arrow corresponds to the most probable initial deuteron energy E?
for the distribution f(E).

As is evident from Fig. 6, in this time interval there are two distinct neutron
peaks caused by detection of neutrons from reaction (1) in shot 1. Note that these
peaks result from time overlap of individual events of neutron detection by the
scintillation spectrometer D1.

!As shown in [21], the assumptions mentioned hold if the liner is accelerated in the inverse
Z-pinch scheme at distances larger than 10 cm from the CIS. Therefore, oscillograms of pulses
from the detectors LD2 and LD3 are dealt with in what follows.
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Figure 3: Oscillogram of signals from the light detectors LD2 and LD3 in shot 1

Table 2: Results of analyzing LD2 and LD3 oscillograms

Shot | Ts-T, | (FWHM)* | (FWHM)' Vi, Er, | (FWHM)? | (FWHM)®
No ns | LD2, ns LD3,ns | 107cm/s | keV | LD2, keV | LD3, keV
1 69 49.2 84.4 7.1 2.24 1.62 1.86
2 98.6 55.2 139 5.07 1.20 0.90 1.39

T, and T3 are the times of signals appearing at the output of the detectors LD2 and LD3 re-
spectively; (FWHM)* LD2 and (FWHM)! LD3 are the full widths at half-maximum of the LD2
and LD3 pulses respectively; Vy is the deuteron velocity in the lab system found from the time
shift of the positions of the LD2 and LD3 pulse vertices; £ is the most probable center-of-mass
deuteron energy corresponding to the velocity Vy; (FWHM)Z LD2 and (FWHM)® LD3 are the
full widths at half-maximum of the deuteron energy distributions derived for the LD2 and LD3
through changing over from time distributions to energy distributions by formula 8)
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Figure 4: Liner deuteron energy distributions f(E) and P(E) measured in shot 1
with the light detectors LD2 and LD3

Therefore, there arises a problem of finding the average number of detected dd
fusion neutrons from the shape of the spectrometer D1 signal resulting from pile-up
of a few pulses from individual neutron detection events.

To solve the problem, we analyzed the shape of the signals from the neutron
spectrometer exposed to vy quanta and neutrons from standard sources (}37Cs, ®Co,
Po-Be, #*2Cf, Pu-Be) with varying intensity. The plastic scintillator light output due
to v quanta and recoil protons? coupling in the energy range corresponding to the
maximum recoil proton energy 2.5 MeV was used. Using the Monte Carlo method
and taking into account the shape of the neutron spectrometer scintillation pulse
and the time distribution of the neutron radiation intensity, we found the average
number of detected neutrons in the time interval shown in Fig. 6: N = 18.2 +
3.6 (see Table 3). The astrophysical S-factor value was derived by substituting the
experimental neutron yield N5*? of reaction (1) into (3). It came out to S(E.,=3.69
keV) = 58.2 + 18.1 keV:b (see Table 3).

As to dd reaction cross sections, we calculated them by (2) with the above-found
S-factor for the deuteron collision energies

Ecor + opE), Ecoly Ecot — 0p(E)

%Fast neutrons are detected by the plastic scintillator through detecting recoil protons arising
from elastic np scattering.
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Table 3: Experimental data analysis results

a) Experiment

Shot | EP, F, E.., E;;(E)v OP(E), NEep S(Ecol), AS(Eecor),
No keV | keV | keV keV keV keV-b keV-b

1 2.24 | 2.52 | 3.69 3.56 0.57 | 18.2+3.6 58.2 18.1

2 1.20 | 1.42 | 2.45 2.33 0.34 - - -

b) Calculations

Shot N T3a(Eeat)s | 04a(Beot + 0P(E)); | 04(Beol = 0p()),
No cm? cm? cm?
1 15.5 1.33-1073%° 3.55-10~3° 3.84-10731

2 0.077 4.24-107%2 1.31-.107% 1.04-10732

E’IQ( B) is the most probable center-of-mass deuteron energy corresponding to the energy distribution
P(E); AS(Ecq) is the root-mean-square deviation of the astrophysical S-factor; o7, is the dd
reaction cross section with neutron production
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shot 1

(op(p) is the root-mean-square deviation of the deuteron collision energy correspond-
ing to the P(E) distribution).

Table 3 presents basic characteristics of the energy distributions f(E) and P(E)
for shots 1 and 2, measured yields of neutrons from reaction (1), astrophysical S-
factors, and dd reaction cross sections.

The value of the astrophysical S-factor found by us (see Fig. 1) in shot 1 is its
average corresponding to the average deuteron collision energy determined by the
function P(E). As is evident from Fig. 1, the measured value of the S-factor agrees
within the statistical error with its expected value derived by extrapolation from
the region of "higher” deuteron collision energies (7 + 45 keV) to the region under
consideration.

Fig. 7 displays cross sections for the neutron-yielding dd reaction at deuteron
collision energies E.oj, Ecoi + op(E)s Eel - 0p(g) calculated by formula (2) with the
S-factor value from [18].

As is evident from the figure, the results are quite well described by dependence
(2).

As to analysis of shot 2 data, we did not observe any excess of the neutron yield
over the background level. This agrees with the measured liner deuteron energy
distribution in shot 2 (see Fig. 6). The expected yield of detected neutron in shot 2
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Figure 7: Dependence of the dd reaction cross section on the deuteron collision
energy — the solid curve is the calculation by formula (2) with S = 53.8 keV-b [18];
solid circles and the solid square are the experimental S-factor values found in [16]
and [17] respectively; the circle is the result of the present paper

( Nn & 2-10* into the solid angle of 47), calculated by formula (3) with the function
f(E) found for this shot, turned out to be well below the neutron detection system
sensitivity threshold Nypresn = 5 - 10°.

Some of the most significant factors giving rise to uncertainties of the measured
S-factor and dd reaction cross section values should be pointed out:

1) uncertainty of the position of the light detectors LD2 and LD3 in space with
respect to the CIS: 0.5 mm;

2) inaccuracy in determination of the liner mass (and thus the number of inci-
dent deuterons) within the zero-dimensional model by analysis of the data from the
magnetic dB/dt probes: 15%;

3) inaccuracy in the neutron detection efficiency of the scintillation spectrometer
found by measurements with standard 2*>Cf and Pu-Be sources and by Monte Carlo
calculations: 10%;

4) inaccuracy in the number of incident liner deuterons caused by angular di-
vergence of the radially expanding plasma flux on the way between the CIS and
the CD; target (on the basis of bolometric investigations of the liner acceleration
dynamics [21]): 5%;

5) errors in determination of the parameters of liner deuteron energy distributions
arising from transformation of time distributions of signals from optical detectors
LD2 and LD3 into energy distributions, the average errors in determination of EP,

12



E, E.q, E;(E), and the dispersions of the deuteron energy distribution functions
f(E) and P(E) amounted to about 10%;

6) inaccurate knowledge of the ion-ion collision temperature at the determination
of the liner deuteron path in a solid target, this error amount to about 7%.

Considering all the above causes of uncertainties, we found the resulting errors
in the quantities of interest (see Table 3).

Finally, the following should be mentions. The results of the present experiment
indicate that the use of the liner plasma in the inverse Z-pinch scheme and the
proposed method for measuring the energy distribution of accelerated deuterons
allow reactions between light nuclei to be investigated in the ultralow energy region,
which is practically inaccessible with using classical accelerators.

With a higher generator current (and thus a larger number of accelerated liner
ions), a larger number of light detectors and magnetic dB/dt probes, it will be
undoubtedly possible to obtain more precise information on characteristics of nu-
clear reactions in a so poorly studied region of ultralow-energy collisions of strongly
interacting particles.
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Brictpuukuit Bau. M. u nmp. 15-2002-200
H3mepenue actpodusnyeckoro S-takropa B dd-B3auMOAEHCTBUY '
B 06JIaCTH YNBTPAHU3KMX 3HEPIUil CTONKHOBEHUS AEHTPOHOB

C HCMOJIb30BAHUEM UHBEPCHOTO Z-NIMHYa

PaboTa 1ocBsIeHa I3MEPEHHI0 3HaYeHH acTpotusiyecKoro S-aktopa U ceueHUH peax-
win d +d —>He + n B obnacru YIBTPaHU3KHUX PHEPIUi CTOJIKHOBEHUs AEHTPOHOB. DOPMHpO-
BaHHUeE MOTOKA YCKOPEHHBIX JEHTPOHOB, MAalOLIMX Ha TBEpAOTeNbHYI0 MutieHb u3 CD,, mpo-
H3BOAMIIOCH B KOH(UIypallMu UHBEpCHOro Z-nuHYa. JlaliHep B HAYaIbHOM COCTOSIHUM IIpeq-
cTaBis co60il MONYyI0 CBEPX3BYKOBYIO CTPYIO feiTepus paguycoM 15 MM u uiuHoM 20 MM.
DKCHEpUMEHT MIPOBOAWIICA Ha CHIBHOTOYHOM MMIYJsCHOM Yckoputene (=950 kA,
© = 80 Hc) Mucturyra cunbHoTOYHOM anekTpoHHKH PAH, ToMck. H3mepenue sHepretHiecko-
ro pacrnpeieNeHusi AEWTPOHOB MIPOBOAMIIOCH MyTEM aHANM3a BPEMEHHBIX PacIpeleNieHUi HH-
tercusHocTH (Hy- 1 Hﬁ-mzmuﬁ) H3NTY4EHHs], paIManbHO JBWXYLIErOCs OT OCH JIaitHepa, TeHepy-
PYEMOro B MpoLiecce €ro pasroHa. Perncrpanid JaHHOTO M3MTy4eHUS! OCYIUECTBIBUIACH C TIOMO-
IIbIO0 ONTHYECKHUX AATYUKOB, YCTAHOBIIEHHBIX BIONb HAIPABIEHNs pa3bera TaliHepa OT €ro OCH.

H3mepennoe 3HaueHHe acTpodusuyeckoro S-cakTopa Wi dd-peakuud NpHU CpeiHei
SHEPIUH CTOJIKHOBEHHs NEHTPOHOB E . = 3,69 ksB okasanocs pasHeM S(E., = 3,69 x3B) =
= (58,2+18,1) k3B - 6. Ceuenue dd-peakuiy, BHIYUCIEHHOE C UCIOIB30BAHMEM HAWICHHOIO
3HayeHHs S-(haKTopa U M3BECTHOH NapaMeTPH3alMi CEYCHHs peaklMH B BUIE IPOU3BEACHHUA
GapbepHOro MHOXMTENS U acTpodu3HIecKoro S-paktopa, COCTABUIIO:

ol (Egor = 369K3B) = (133+041)- 10730 cm?.

Pa6ora Bsmonsena B Jlaboparopun snepusix npo6ieM um. B. IT. Ixenenosa OUSIU.
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Bystritsky Vyach. M. et al. D15-2002-200
Measurement of the Astrophysical S-Factor for the dd Interaction
at Ultralow Deuteron Collision Energies Using the Inverse Z-Pinch

This paper is devoted to measurement of the astrophysical S-factor and cross sections
of the d + d —>He + n reaction at ultralow deuteron collision energies. Formation of the flow
of the accelerated deuterons incident upon the CD, solid state target was made within
the scheme of the inverse Z-pinch. The liner in the initial state was a hollow supersonic deu-
terium jet of radius 15 mm and length 20 mm. The experiment was carried out at the pulsed
high-current accelerator (I = 950 kA, t = 80 ns) of the Institute of High-Current Electronics
(Tomsk, Russia). Measurement of the deuteron energy distribution was performed through
an analysis of the time distributions of the intensity of the liner radiation (H, and Hg lines)
generated during the liner radial moving from axis. Recording of this radiation was carried
out by optical detectors placed along the direction of the liner moving from its axis.

The measured value of the astrophysical S-factor for the dd reaction at the average deuteron
collision energy E., =369keV was equal to S(E,,; =369keV) = (582+18.1) keV -b.
The dd reaction cross section calculated using the finding value of the S-factor and known
representation of the reaction cross section as the product of the barrier factor and the astro-
physical S-factor was

oy Ecop = 369keV) = (133£041) - 10730 cm?,

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Prob-
lems, JINR.
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