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HIABUIMEHHSA TOYHOCTI XAPAKTEPUCTHUK BAJIICTUYHOI'O I'PABIMETPA

B cmammi nadano eioomocmi npo npogedei eKcnepuMeHmanbHi 00CAIOHCEeHHsT HOB020 OANICIMUYHO20 1A3ePHO20
epasimempa (BJII'). Haoano onuc cmeopenoi 1abopamopHoi ycmanosku 015 00CHONCeHHs ONOKY 1a3epa, Onuc npoyeoypu
Ppe2yniosants i nepesipKu i1a3epa Ha GeludUHy CKaHy8anHs pezonamopa. Buxopucmano eumiprosanvhy anapamypy, sika 003601u1d
KOHmpoogamu napamempu iopayii eiopayitinoco cmendy, 3 mounicmio y 3 pasu euwjoro 3a mounicme bJII. []e ons cyuachoeo
BJII" cknano noxubky, He o0inbwy 5 % 6i0 eenuuunu npuckopenns cunu msdxcinua (IICT), wo eumipioemuvcs. Ilposedeno
docnioocenna TICT ma cmeoperniti nabopamopuiii ycmanosyi. 3agosaku 6gedennro y koHcmpykyito BJII nHosux enemenmie ma
3ACMOCY8ANHIO BIACMUBOCMETL NPOYEOYPU ANPOKCUMAYIT pe3yibmamie GUMIPIOGAHHS 3a MENMOOOM HAUMEHUUX K8AOPAMIE, HOGUL
bJII" mae niosuwerny mounicme: 0,1 mxlan. Excnepumenmanvuumu  O00CHIONCEHHAMU NIOMBEPOHCEHO A0eK8AMHICMb
meopemuyHux 00CiONCeHb, OOYLILHICIb NPAKMUYHO20 6UKOPUCIAHHS H08020 BJIT .

Y emammi posensinymo numanns HAsA6HUX MOMCIUBOCHEN BUMIDIOBAHHS NPUCKOPEHHS CUU MSAICIHHSA 3a O0NOMO20I0
abcontomuux OANICMUYHUX 2pasimempis, 800CKOHANEHHs CcucmeMu asmomamusayii o6pobxu iHgopmayii ma Moicausicmo
NO0ANLUO20 CINBOPEHHS CUCIEMU 8i0€0 CHOCIEPEIICEHHS 3a NPOYECOM OMPUMAHHSL Pe3YIbIMAmis, Wo NOGUHHO YCYHYMU NOXUOKU
ma 3abe3nequumu MaKCUMAibHy MOYHICIb UMIPIOBAHHSL.

Kurouosi cnosa: epagimemp, epagimempudni anHomaii, NPUCKOPEHHA CUNU MANCTHHAL.
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IMPROVING THE ACCURACY OF BALLISTIC GRAVIMETER CHARACTERISTICS

The article provides information on the conducted experimental studies of a new ballistic laser gravimeter (BLG). A detailed description
of the created laboratory setup for studying the laser unit is provided, as well as a description of the procedure for adjusting and checking the laser
for the size of the resonator scan. The experiments utilize measuring equipment which allowed controlling the vibration parameters of the vibration
stand with an accuracy 3 times higher than the accuracy of the BLG. For a modern BLG, this amounted to an error of no more than 5% of the
measured gravitational acceleration (GGA). A GGA study was conducted on the created laboratory setup. Due to the introduction of new elements
into the BLG design and the application of the properties of the procedure for approximating measurement results by the least squares method, the
new BLG has an increased accuracy: 0.1 uGal. Experimental studies confirmed the adequacy of theoretical studies and the feasibility of practical
use of the new BLG. Analysis of existing ballistic gravimeters revealed such disadvantage [2] as their high sensitivity to a large number of
influencing factors, which, in turn, entails structural complexity, large overall dimensions and weight of gravimeters, as well as their peripheral
devices, complexity of processing results, low measurement performance, etc.

The task of measuring gravitation acceleration by ballistic methods is essentially reduced to measuring distance and time. This follows,
for example, from the analysis of the acceleration dimension. Therefore, the mathematical model must reveal the analytical relationship of the path
traveled by the test body with time and external disturbing influences. The most constructive approach to building a model will be such that, on the
one hand, the free motion of the test body in the inertial coordinate system is considered, taking into account the vertical gradient of the PST and
resistance forces, and on the other hand, the law of motion of some coupled coordinate system is determined, which is displaced under the action
of external inertial disturbances and the holding reference system of the gravimeter [2, 3].

The article considers the issues of existing capabilities for measuring the acceleration of gravity using absolute ballistic gravimeters,
improving the information processing automation system, and the possibility of further creating a video surveillance system for the process of
obtaining results, which should eliminate errors and ensure maximum measurement accuracy.

Key words: gravimeter, gravimeter anomaly, acceleration of force of weight.
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Formulation of the problem
Problem statement. Measuring the absolute value of the acceleration of gravity (g) with high accuracy is a
basic element for successfully solving a wide range of scientific problems: determining the shape of the Earth, building
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models of the movement of deep masses, assessing elastic deformations of the planet's surface, predicting earthquakes,
building models of deep density inhomogeneities, searching for mineral deposits, using the value of g as a basis for
determining other physical quantities. [1-8]. The hardware for solving these scientific problems is gravimetric
instruments.

Modern research in the field of gravimetric equipment development is focused mainly on two aspects: the
first is increasing the accuracy of measurements by ballistic gravimeters by eliminating the influence of seismic
vibrations on the measurement process, the second is building effective automated systems for the gravimetric
measurement process [5].

Data on modern developments of such systems indicate that domestic devices are currently inferior in their
technical characteristics (in terms of final accuracy of measurement results and other metrological parameters) to
foreign developments. In addition, a program of updating the gravimetric equipment of the reference points of the
national geodetic network is currently underway in Ukraine [2].

Nowadays, commercial versions of gravimeter designs are becoming widespread. Commercial gravimeters
are adapted to operating conditions in harsh climatic conditions: high humidity, high ambient temperatures, local
transport noise, other city noise (construction sites, industrial noise, etc.). The accuracy of such gravimeters is usually
lower, which allows them to reduce their price. Large industrial groups, as a rule, purchase gravimeters for their own
research work in the field of geological exploration: searching for oil, gas, and other mineral deposits. Certain
requirements are imposed on such devices: compactness, versatility in use, convenience and ease of maintenance,
maintainability, long operating time before failure, unification of nodes for connection with other equipment, ability
to work in harsh environmental conditions, sufficient accuracy, affordable price [2].

Research analysis.

Studies in the field of measuring the acceleration of gravity have shown that the ballistic method consists in
measuring the length of the path traveled by a freely falling body that began its movement from zero initial velocity
over a certain period of time. Based on the dependence of the path length on time, the acceleration of gravity is
determined [2, 3, 8].

The creation of perfect ballistic gravimeters (BG) became possible after the invention of lasers, which are
characterized by high monochromaticity and coherence.

The widespread introduction of lasers and photoelectric converters into measuring equipment, which
modulate the flow of light into electrical signals, has allowed us to create a number of designs of laser meters in our
country and abroad. The main advantages of which are the following: increased measurement accuracy; reduced
measurement time; automation of the measurement process; reduced training of service personnel.

The paper investigates the possibilities of increasing the accuracy characteristics of gravimetric equipment
built on the basis of lasers and photoelectric converters, calculates mathematical models of a ballistic gravimeter, and
considers the possibility of constructing a functional diagram of the main modules of an automated BG system.

The purpose of the work: to increase the accuracy of measuring the acceleration of gravity by studying an
absolute gravimetric device and developing an automated system for measuring the acceleration of gravity based on
scientific research.

The main part. The principle of operation of the gravimeter is the ballistic method of measuring the absolute
value of the acceleration of gravity (GAF) g, which is determined from the results of measuring the path and time of
free fall of an optical angular reflector. The path traveled by a falling body is measured by a laser interferometer, and
the time intervals are measured by signals of a precision (for example, rubidium) frequency standard [2].

The determination of the absolute value of the PST is performed by known gravimeters with an error of 0.5
nGal, which includes both instrumental error and the influence of external measurement conditions.

The ballistic gravimeter used should have a practically unlimited measurement range, the instability of the
wavelength of the working laser radiation during the observation should not exceed 5 - 107, the relative error of the
frequency standard should not be more than 5 - 10710, the residual gas pressure in the ballistic chamber should not

-6
exceed 210 mm Hg. column.
Technical characteristics of the absolute ballistic gravimeter [2]:

o root mean square measurement error — no more than +2 - 10™8m/s ?;
. systematic error — no more than +5 - 10™8m/s 2;
. gravimeter dimensions:

- optical-mechanical unit — 1200 X 700 X 700mm;

- electronic unit — 620 X 560 X 660mm;

. The total weight of the gravimeter is 180 kg.

Based on the study of modern patent information and scientific and technical sources, it was established that
in the development of ballistic gravimetric devices, the following two directions of the ballistic method have been
clearly defined: “Free-fall” and “Rise&fall” (asymmetric and symmetric). Analysis of the structural elements of the
device indicates the imperfection of the structure and the complexity of solving technical problems associated with
increasing the accuracy of measurements using an absolute ballistic gravimeter. To date, there is no structural diagram
of a ballistic measuring device that measures the acceleration of gravity with high accuracy, which confirms the
relevance of the tasks we have identified.
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The set of technical methods and means of measuring path and time is diverse, but despite this, the structure
of'a modern ballistic absolute gravimeter can be described.

Fig. 1 shows a simplified diagram of a new ballistic laser gravimeter operating according to the symmetric
method. [2].

4

— 169

1 - laser; 2 — laser interferometer mirror; 3 — optical dividing plate; 4 — seismograph mirror; 5 — fixed angular reflector of the
seismograph; 6 — long-period seismograph; 7 — vacuum chamber; 8 — starting device; 9 — test body (angular optical reflector);
10 — manometer; 11 — time stamp generator; 12 — computer; 13 — photoelectric multiplier; 14 — pulsed light source;

15 — video camera; 16 — unit for approximating the trajectory of the test body
Fig.1. Schematic of the new ballistic laser gravimeter

The main disadvantage of ballistic gravimeters [2] is their high sensitivity to a large number of influencing
factors, which, in turn, entails structural complexity, large overall dimensions and weight of gravimeters, as well as
their peripheral devices, complexity of processing results, low measurement performance, etc.

The task of measuring the PST by ballistic methods is reduced to measuring length and time. This follows,
for example, from the analysis of the acceleration dimension. Therefore, the mathematical model must reveal the
analytical relationship between the path traveled by the test body and time and external disturbing influences. The
most constructive approach to building a model will be such that, on the one hand, the free motion of the test body in
the inertial coordinate system is considered, taking into account the vertical gradient of the PST and resistance forces,
and on the other hand, the law of motion of some coupled coordinate system is determined, which is displaced under
the action of external inertial disturbances and the holding reference system of the gravimeter [2, 3].

Consideration of the free motion of a test body thrown vertically upwards in an inertial coordinate system is
reduced to solving a nonlinear 2nd order differential equation of the following form:

m-z”zm-(go-l-a-z)—;/]-z'—}/z-(z')z, (1)
where m is the mass of the test body;

z — vertical coordinate;

a — vertical gradient;

y 1, y 2— coefficients that determine the contribution of resistance forces proportional to the first and second
powers of the speed of motion of the test body, respectively.

Solving equation (1) by the method of successive approximations using Laplace transforms and subsequent
expansion into a series in powers of z leads to the following equation:

Z(t):go : iAn 'tna
0 @)

where 4 , is a set of coefficients that are determined from the conditions of motion of the test body in the ballistic
block relative to the reference system.
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This expression describes the motion of a test body in an inertial coordinate system. In the conditions of real
PST measurement, the coordinate of the test body is determined in a coupled coordinate system that is subject to
perturbations. As is known, the coordinates of the test body in the inertial system uniquely depend on its coordinates
in the coupled system:

R =F+R,

where R;is the radius vector of the test body in the inertial system;

€Y

¥ — radius vector of the test body in the coupled system;

R _ radius vector describing the displacement of the connected system.

Therefore, as a rule, the operation of a ballistic gravimeter is carried out so that the sensitivity axis (in our
case the z axis ) is held vertical. Then equation (3) can be simplified:

S() =z(t) + R,(t). 4)

In this expression, the component S ( ¢ ) describes the behavior of the test body in the inertial system, and the
component R ,( ¢ ) describes the influence of external perturbing actions of an inertial nature.

The PST measurement algorithms using the described model are very diverse, both in terms of the method
of implementing the free motion of the test mass and in terms of the methods of measuring the path and time.

Depending on the method of implementing free movement, all methods can be divided into two groups [ 2, 3]:

- with asymmetric free movement (Fig. 2);

- with symmetrical free movement (Fig. 2).

When using symmetrical methods (both branches of the parabola in Fig. 2), the test body is thrown upwards,
and the path and time measurements are taken on the ascending and descending branches of the trajectory.

When using asymmetric methods (the right branch of the parabola in Fig. 2), the test body moves freely
(falls) in a vacuum.

VA
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t

C - C 4,— observation levels (stations); t  — t ,— the moments of the end of the measurement intervals;
S 1— S ;— measurement intervals
Fig.2. Flight trajectory of a test body in a ballistic gravimeter

These methods are distinguished by the relatively simple implementation of free motion and the absence of
the need to apply an impulse (impact) force when launching the test body, which depends on the height of the throw,
which significantly improves the dynamic operating conditions of the gravimeter.

The advantages of symmetrical methods include the possibility of almost complete elimination of systematic
errors, which are proportional to the first power of the speed of movement of the test body, with a relatively simple
measurement algorithm, as well as the possibility of reducing the vertical dimensions of the device, since at the same
height of the gravimeter the total path traveled by the body in this case will be large. However, at the moment of the
throw, an impulse reactive force arises, which disturbs the reference system and introduces an error into the
measurement results using the symmetrical method.

Given the presence of undefined coefficients 4 , in expression (2), it does not allow us to directly determine
PS T g oby the measured value of # and z ( ¢ ). For this, it is necessary to carry out measurements at several observation
intervals: t1,¢2,1¢3,...,t,(Fig. 2). Then instead of equation (2) we obtain a system of equations:
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n

zg=Ayg+ Aty + A 13+ A 1]
2= Ay F At Ay At

= Ay At Ayt At

Zy=AgH Aty Ayttt A, )
wherez] = z(t;)/ go.

By conducting measurements on a large number of free motion intervals, it is possible to determine the
number of coefficients in equation (2) that is necessary for a detailed study of the flight trajectory when investigating
the influence of various factors on the law of motion of the test body, since their quantitative influence is determined

by the coefficients Aana
4,=5,/2, ,

where S o is the initial position of the test body;
4,=V,/g, ,
where V o is the initial velocity of the test body;
4,=0,5

Ay=0-(Sy+Vy-t/3+g,-t7/12)/2- g,

where a is the vertical gradient, etc.

Until recently, measurements at a large number of intervals were carried out with significant technical
difficulties, and therefore, as a rule, they were limited to 2...4 measurement intervals, while ensuring such experimental
conditions under which the coefficients 4 ,.shigher orders were neglected (this is the basis of the difficulties in modern
accurate gravitational measurements).

Thanks to the development of microelectronics and computing, nowadays almost all foreign ballistic
gravimeters are built according to the scheme of measuring a large number of path and time intervals.

Similar solutions of the system of equations (5), for different partial cases, can be found in various literature
[2, 3]. Thus, the symmetric method will differ from the asymmetric one only in the value of the initial velocity, and
the multi-station method from the two-station method - in the number of i- equations. By varying the dimensions of
the matrix of coefficients of the system of equations (5), it is possible to obtain all possible combinations of the PST
measurement conditions using the ballistic method. However, it should be noted that the symmetric method will be
accurate only if the complete symmetry of the measurement intervals is observed (when the position of point O in Fig.
2 is clearly known in space or time, which is fundamentally impossible).

There are the following methods of approximate symmetrizing of time ¢ [ 2, 3]:

- direct search for the trajectory vertex and time symmetrizing;

- symmetrizing the path traveled by the test body from the beginning of the measurement interval to
the top of the trajectory;

- symmetrizing by the speed of movement of the test body.

The second and third methods of symmetrizing measurement moments are most often used.

Conclusions

This work considers the most important issues related to the design and functional features of a modern
absolute laser ballistic gravimeter. Theoretical research was conducted on the basis of an analysis of modern domestic
and foreign scientific database. A study of the PST was conducted on a created laboratory setup. Due to the
introduction of new elements into the design of the BLG and the application of the properties of the procedure for
approximating measurement results by the least squares method, the new BLG has increased accuracy: 0.1 pGal.
Experimental studies have confirmed the adequacy of theoretical research and the feasibility of practical use of the
new BLG. As noted above, the main direction of development is to increase the accuracy of BLG measurement results
by improving the automation system for processing results and developing a video surveillance system for the process
of obtaining information, which should also eliminate errors and ensure maximum measurement accuracy. It is this
BLG that was created on the basis of the National Technical University “KPI” and Zhytomyr State Technological
University, the accuracy of PST measurements of which (0.1 pGal) is 5 times higher than that of known BLGs (0.5
pGal).
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