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In the first part, the present paper presents a quantitative analysis of physics publications in
the domain of experimental particle physics, before the Second World War in the field of cosmic
rays physics and for the modern times in the field of accelerator and collision rings experiments.
In the second part, a more general study is made on publications in the various fields of physics
separating contributions from experiment, theory and techniques. Three aspects of physics are
enlightened: physics of exploration, physics of applications, and forefront physics.

Introduction

The study presented originates with a work devoted to a historical study of cosmic
ray physics at the time of the mesotron discovery and of its identification.! As it is
well known, cosmic rays allowed to discover new particles but they have been replaced
in that search by studies of interactions of particles furnished by accelerators or by
storage rings. This type of research is now one of the best examples of the so-called
"big science”. In this article, we give informations about these two types of research
by a quantitative study of publications in these fields.

Let us first give a rapid historical outline of the development of these domains.
Cosmic rays were discovered in 1911 by Victor Hess in Osterreich, and they began to
be extensively studied only after the First World War, notably under the impulsion of
Millikan in the United States. In 1929, german physicists Bothe and Kolhérster made
an experiment? showing that cosmic rays were probably of corpuscular nature and not
produced by high energy photons as believed and defended by Millikan. This
experiment gave rise in Europe and in the United States to an intensification of cosmic
ray studies, made namely with Geiger counters and with cloud chambers. In the United
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States, experiments led to the discovery of the positive electron in 19323 and of the
mesotron, our modern lepton g, in 1937.4 After the Second World War, cosmic ray
studies in Great Britain allowed to discover the = meson and the first "strange” particle
in 1947. However, it was soon realized that this domain of production of new particles
would be better studied with accelerators producing particles of a known energy. After
the construction of the first cyclotron by Lawrence in 1930, a synchrocyclotron
(cyclotron of higher energy) allowed to create = mesons in Berkeley after the war in
1948. New high energy accelerators were also built in the United States. In 1953
strange particles were first artificially produced at Brookhaven and in 1954 antiproton
production was identified at Berkeley. In Europe, countries such as Great Britain and
France began to build national accelerators, but they realized soon that a bigger
programme would require financial collaboration. Negotiations led to the creation in
1954-1955 of a European center — the CERN-near Geneva. Its first high energy
accelerator began to work in 1959. The sixties have seen, thanks to bubble chambers,
invented in 1952, the discovery of a lot of new particles. In the same time, new types
of accelerators, storage and collision rings have been developed. Instead of producing
external beams of particles, the techniques consist to accelerate in a ring two beams of
particles circulating in opposite directions and producing head-on collisions. As
detectors, bubble chambers have been replaced by electronic detectors which have
become more and more complex. By now, one of the highest energy collision rings in
the world is’the large electron-positron ring called LEP at CERN which has produced
in particular Z0 mesons by e*e~ collisions.

On the cosmic ray physics, our publications study concerns the years 1929 through
1938, consequent to the study made in an earlier work.! For accelerator particle
physics publications, we have chosen two years of reference. The first year, 1970,
corresponds to an epoch of intensive work with bubble chambers and the second,
1990, twenty years later, corresponds to the incoming of new results from LEP at
CERN which began to operate in 1989. We concentrate our attention on the number of
publications, their origin and the number of authors involved, taking as main source of
reference periodicals dedicatéd to these domains. This analysis is presented in
paragraphs 2 and 3 of this paper.

In the last paragraph, we present a general study of publications in various fields of
physics. This last work has been done by scanning the review Science Abstracts -
series A: Physics - from 1929 through to 1938 corresponding to the first cosmic ray
study period and the review Physics Abstracts - series A - for 1970 and 1990, years
corresponding to the modern particle physics. This second analysis allowed also to
check some findings found in the firct research.
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Number of experimental publications and their origin

In this section we are interested in publications giving experimental results and we
have been induced to take some cuts, after reading eventually abstracts of publications.
Besides pure theoretical or technical papers, we eliminated papers which can be
considered as popularization and papers giving only an outline or a summary of a
domain of research. For example, in the modern period, we have excluded papers
published in Physics Today, American Journal of Physics, Scientific American, La
Recherce and most of papers published by Reviews of Modern Physics or by Physics
Reports. We have excluded also these and conference papers since corresponding
results, if interesting and complete, have been published in current publications
reviews. Short papers giving corrections or comments have also been excluded.

For cosmic ray experiments, we have retained all publications referring to this
general topic, as these researches were of exploratory nature in those times. For the
years 1970 and 1990, we have retained in this first analysis only results coming from
accelerators or collision rings.

For the cosmic ray period, less than 10 papers per year were found from 1929 to
1932 and after this time a slow progression was noted increasing to ca. sixty
publications in 1938. This progression was expected as it was due in particular to e*
and mesotron discoveries and to the development of techniques. Thus, the main global
features of these publications have been given in totalizing the results of the
1929-1938 ten-year period.

Tables 1 and 2 give quantitative results of the 1929-1938 cosmic ray period and of
the two years 1970 and 1990 for researches with accelerators. We have dispatched our
results in categories corresponding to the origin of the publications. As the cosmic ray
publications involved few authors, the nationality of physicists or the country where
they worked has been retained, independently of possible expeditions to take data. The
category of Western European countries contains, in decreasing order, papers coming
from Germany, France, Great Britain, Italy, Netherlands, Austria and Sweden. Eastern
European Countries are Hungary, USSR, Poland and Romania. A few papers came
from other countries, namely Brazil and South Africa, but the corresponding authors
were mainly from European countries.

For accelerator periods, experiments are often the result of collaborating of
physicists of various laboratories and thus the retained origin is the country of the data
taking, i.e. the country where the accelerator is located. A case of exception is a
category - mixture of experimenis -~ corresponding to some papers for which an
experimental analysis has been made on collecting various data samples.
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Table 1
Numbers of publications (Np) on cosmic ray experiments oriented to particle physics for the 1929-1938
period and for various countries. Relative average numbers of authors per paper <Na/Np> are also given
with an assumed gaussian error. Supplementary informations can be found in the text

Origin Western USSR and Other
Europe USA Eastern Japan countries Total
Europe
Np 242 160 19 4 13 438
<Na/Np> 1.3+0.1 1.7+0.1 1.840.3 254038 1.3+04 1.5+0.1

Besides CERN, Western countries are mainly, in 1970, France and Great Britain
and, in 1990, Germany with, in particular, results coming from the DESY Hamburg
Center.

Results given in tables 1 and 2 deserve some general comments. We see first that
for 1970 the number of publications (495) is bigger than for the 1929-1938 period
(348) and is also bigger than the 1990-year production (392). These facts are easily
explained in the following way: in the cosmic ray period, experiments were carried out
by one or two physicists. A change of scale occured with the advent of accelerators
where experiments required more manpower. As an example, in the sixties, pictures
taken with a bubble chamber were shared among some laboratories for scanning and
measuring. After that stage, results were collected for a final analysis. Physicists of the
collaboration could thus limit their scanning work and increase the number of their
publications, in particular in a period where the research was in a great part of
exploratory nature. The peak of this type of research was perhaps reached at CERN in
1973 with the discovery of neutral currents in neutrino interactions (55 authors). Now,
since about 1970, pure electronic experiments with colliding rings were developed also
and, after the ¢ discovery in 1974 in United States, the orientation of the research
towards quark physics grew up and the complexity of the experiments increased.
Independent of various local situations, a general idea of this tendency can be found in
Table 2 by comparing the average numbers of authors <Na/Np> in 1990 for
conventional accelerators and for colliding rings. The increasing complexity of the
experiments with more specialized goals of research explains a relative stabilization of
the number of publications between the years 1970 and 1990.
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Moreover, with the complexity of the experiments, the number of the authors of
publications rose as can be seen by the representation in Table 3 of more detailed
results for the 70 papers published in 1990 on the four experiments taking data with
LEP at CERN. In addition to the same information as that given in Table 2, we added
some other features. Besides the number of the laboratories involved, we counted for
each detector experiment the number of individual authors, counting each one only one
time, and by the same counting we obtained the number of the authors having signed
all papers referred to. From these results, we see in Table 3 that 80% to 90% of the
authors have signed all the papers published in 1990. The remaining authors can be
due to physicists having made only a part of the analysis but also to engineers playing
an important role in the realization of the detector and of its facilities. Now, the
differences between the total number of individual authors can be due to differences in
techniques involved in addition to the considerations given above which are not in any
case normalized in the same manner between experiments.

Table 3
Characteristics of 1990 publications for LEP experiments. Explanations and comments are given in the text

Detector
experiment ALEPH DELPHI L3 OPAL

Characteristics

Number of
1990 17 14 20 19
publications

Average
number of 30 39 38 24
laboratories

Average number 361 495 463 278
of authors/publication

Total number
of individual 414 625 513 302
authors

Number of authors
having signed all 1990 324 415 406 245
papers
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It is out of the scope of this paper to lead to a worthy judgement of experimental
particle physics publications but only to give an idea of the intense effort,
independently of financial questions. This effort can be judged from Tables 1 and 2 by
the number of publications or by the total number of authors, i.e. by the quantity
Np<Na/Np>. We see that the fields of cosmic ray physics and of particle physics
with accelerators were largely dominated by the USA and the Western Europe. The
development of experimental particle physics can be judged also by the number of
research workers participating in it. For that purpose, we counted the number of indi-
vidual authors, respectively, for each period. We counted 2202 and 6868 individual
authors for 1970 and 1990 publications and only 202 for the publications of the studied
cosmic ray period. These numbers are perhaps one of the best indicators of the
development in time of this experimental particie physics.

Comparison with other fields of research in physics

As mentioned in the introduction, an investigation of the number of publications
has been undertaken with the support of Science Abstracts-series 4 for the 1929-1938
period, and of Physics Abstract - series A for the years 1970 and 1990. Note that this
choice excludes publications referred to in other series. A series B of Science
Abstracts, devoted to electrical engineering existed before the Second World War and
also in 1970 and 1990. A new series C of Physics Abstracts devoted to Computer
Technology was created in 1966 and a fourth series, devoted to Information
Technology, exists since 1983. Nevertheless, we can suppose that series A gathers all
the basic physics, which we are interested in here. Besides experimental papers
devoted to experiments or results of observations, we counted also the number of
theoretical and technical papers. Theoretical papers are those explaining experimental
results or making predictions on them and papers giving basis for a more or less
sophisticated model or theory. Technical papers are of two types. They can be centered
on methods of experimental or theoretical physics or they can be devoted to
applications and are thus sometimes referred to as applied physics. Some papers giving
experimental results and discussing their theoretical interpretation are indexed as
experimental, as can be the case of some experimental papers giving also description of
techniques.

Cuts of the first analysis were also taken here to have a clean sample of research
papers. We were obviously led to distinguish different fields of research and we were
compelled to make some choices since classifications adopted by Science or Physics
Abstracts varied with time. We adopted a "modern" classification in the following
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way. The particle physics category is rather clear to-day but in the thirties it was
supposed to include basic research on proton, electron and photon as well as cosmic
ray physics research centered on the properties of these rays. Note as an example that,
in Science Abstracts, cosmic ray physics papers of the 1929-1938 period are indexed
first in the radioactivity subdivision and after 1932 in the radiation section. If research
on cosmic rays was mainly centered on their origin, the corresponding papers were
added to astronomy and astrophysics category, subject well identified in all periods.
Nuclear physics, as a study of various nuclei, exists in 1970 and 1990 classification of
Physics Abstracts but, before the World War II, it was mainly found in the
radioactivity subdivision. Obviously, researches devoted to the fundamental properties
of proton and neutron have been indexed in particle physics category. In the techniques
of this category are indexed papers devoted to accelerator developments, even if these
papers concerned also nuclear physics. Geophysics is a rather well-defined category if
we group together subjects such as geology, seismology, atmospheric studies and
meteorology. Biophysics including possibly medical sciences is also a clear category.
Following 1970 and 1990 terminology, we adopted also the physical chemistry
category even if before the war this category didn't exist as such. All other subjects
were indexed in a last category called general physics. That is the case of classical
physics subjects such as optics and electromagnetism but also of some new types of
researches. As an example environmental science existed only as such in the 1990
classification of Physics Abstracts. Quantum mechanics studies were put also in this
last category except field theories subjects indexed in the particle physics category.
Special relativity subjects were indexed in general physics and general relativity topics
in astrophysics.

General results are given in Table 4. At an ~10% level, we found for particle and
cosmic ray physics same results as found in the first analysis. We estimated also at
~-10% the possibility of a bad classification. On the other hand, the counting rates for a
given division of Science Abstracts or Physics Abstracts were checked if a global
control gave an inconsistency greater than 5%. For the total counting, we found a
global number a few per cent smaller than the real one but we didn't correct our
numbers, as we didn't detect any particular category bias.

Results of Table 4 can be commented on in two directions: development of a
research field, remarks about experiments, theory and techniques.

32 Scientometrics 37 (1996)



PUBLICATIONS IN EXPERIMENTAL PARTICLE PHYSICS

J. SIX, M. C. BUSTAMANTE

118801 981TL §66S £07T 9116 SYIL 12849 €579 [e10L
6C1vY 08¥be £08T 8¥9 TL0T 8L (0802)v95T  (067) ¥08 sanbruyos L,
Z0¥8¢ YSETT (U2 6ZL pLTY 9ve geLl 810S A109qL, 0661
08292 TSEST 79¢C 978 0LLZ STve viir (10 1ev uaunredxg
€999¢ E86¢ 949 9¢01 8667 0SLE LRSY gi6t [0L
EV661 11861 0el 9Ts €98 86¢ (8eL) 8Tyt (€52) 689 sanbruyoaL,
LBP8I £20T1 €S Sl $T6 1€61 911 LyoT L1034, 0L61
GeTsl 000Tt 79T §9¢ 60C1 1281 S661 (1p) €8S Juowadxy
LTSLY 90897 gs8 1L96 12187 (07T $8LE €0TC  {(68£) £201 [eI0L
08SLT 1Lvel £79 1622 SL6 (SED STL ey Uy 101 sanbruyos, .
96101 €685 a4 S} A1 £78 (ev) L6TT P9¢ (8¢) z£$ AxoayL, 8€61-6761
1S¥61 898 061 §€09 98¢1 (8€1) €9LT 9174 (80 06€ 1uswpadyy
sorsAydonse SSB[)

[e0L, sorsAyd soisAydorg  Ansmmoyo  so18Aydospn pue sorsAyd sorsAyd poued

[exauan) eatsAud AWouonsy JeajonN spotred K103218) Ies X

Ieaponu jo senbiuysa)
ur sanbiuyd9) wo sxaded Jo Jaquunu o1 ‘(A1083780 sorsAyd o
10qUINu 34} ‘0661 PUB 0L6] 104 ‘sesapuared Ut tnd axe s1aquImu Surpuodsario)) "YaILasal sy Jo wie 3y

Ut papIAT U3aq sy sorsAud Aey ormsoo ‘pourad gE61~6761 AW 104 ‘spotrad JUSISHIP 10§ S35SEYD puL $3L0TFAEd 03 BuIPIONE suonesiqnd Jo sroquinN

sosatpuored w ind s1e (A1030780 sosAyd

111) $10J9¥AI UOISSIY 10 UOIST U0 senbruyaay uo staded Jo requinu oy pue (K1ofareo sorsdyd apoured jo senbiuyos) UL) s107RI0[200E

¥ 9lqeL

jonied yeuaiadxs ur) ‘SIOIRIS[RIIE NOYIM soisAyd oponred peuswadye uo siaded jo
o Surpuadap sosAydonse pue sorsAyd spopred

33

Scientometrics 37 (1996)



J. SIX, M. C. BUSTAMANTE: PUBLICATIONS IN EXPERIMENTAL PARTICLE PHYSICS

Development of fields of research

From the crude results given in Table 4, we can extract a progression factor of
publication i.e. a ratio of the number of publications per year, for two periods. We
give in Table 5 this progression factor for 1970 compared to an average year of the
1929-1938 period and for the year 1990 compared to 1970. In the average this
progression factor is ~12 for the first ratio and -2 for the second. We noted in
particular that numbers of publications reviews rose with time. The editors of Science
or Physics Abstracts gave numbers of the publications they analysed, which are 295,
1568 and 3727 for 1936, 1970 and 1990, respectively.

Between the years before war and 1970, the progression factor is ~10 for all
experimental physics categories except for physical chemistry where this factor is
lower than 1. Two types of explanation can exist for that exception. In the abstract
publications, physical chemistry classification exists only in 1970 and 1990. Thus, a

* personal misclassification may exist with some papers classified in physical chemistry

before the war and in general physics in the modern periods. Another type of
explanation is the rejection of some articles by the editors of the modern Physics
Abstracts, leaving this analysing work for the Chemical Abstracts. Nevertheless, this
low ratio indicates that difficult as can arise with some frontier fields. It is possible
that problems exist also in biophysics even if they don't seem to appear from the crude
numbers.

For the years 1970 and 1990, we see a progression factor less than 1 for
experimental particle physics and experimental nuclear physics and this fact is due to
the complexity arising from these sectors. We see also that the progression factor Is
~10 for biophysics and this reflects probably a progression of the biology research in
our modern times.

Remarks about experiment, theory, and techniques

To judge the relative situation of experiment, theory and techniques, we can
proceed in two different directions. We can first consider each of these classes for each
category and compare it to the total. From Table 4, we see for example that, in 1990,
theoretical particle physics contributed to ~13% of the total theory publications. These
comparisons are however limited because what we named general physics represents
~70% of the total and thus this type of a comparison would require to investigate
different categories of general physics.
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Now, another way is to consider the relative situation of experiment, theory and
techniques for a given category. For particle physics we see that, before war, cosmic
ray physics was essentially of exploratory nature, as can be checked on by the ratio of
theory versus experiment publications which was only 58/389 = 15%. On the
contrary, in 1990 this ratio is 5018/431 = 11.5. Thus, after an exploratory period,
particle physics has become a forefront physics where the role of theory is more
important. On the other hand, it is useful to mention that in particle physics category,
techniques have led to applications only in its proper domain of research. The situation
is different in nuclear physics where a big part of techniques (-38%) is related to
fusion or fission reactor applications.

The best way to visualize the relative situation of categories is perhaps to consider
the relative proportions of experiment, theory and techniques. After extraction of the
results from Table 4, we give them in the Table 6 for 1990. Apart the case of particle
physics and nuclear physics discussed above, biophysics with a rather low proportion
of theory and an important proportion of techniques can be assumed to be dominated
by explorative physics and by applied physics. The general physics category is
dominated also by the techniques proportion, but a more refined analysis would
require to distinguish different domains in this category.

Conclusions

Our quantitative study of publications has perhaps cleared up some ways followed
by particle physics research. Before the Second World War, cosmic ray physics
research was essentially of exploratory nature, with a small role played by theory.
Now, particle physics has become a good example of big science where the complexity
has required a leading role for theory. A general study of physics publications has
made clearly three aspects of physics research: physics of exploration, applied physics
and forefront physics. In this last aspect, theory dominates in a given field to get out
new ideas of generalization. Clearly, particle physics seems to have entered into this
new phase.

Our study was made mainly with the support of the libraries of two Orsay
laboratories: the Linear Accelerator Laboratory, (LAL) specialized in particle physics
research and the Nuclear Physics Institute (IPN) which has in its possession the
collection of Science Abstracts for years before the Second World War. Our thanks go
to the staff of these libraries.
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