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It is not an easy matter to begin the writing of a chapter on the acoustics of awind instrument for abook that is
devoted to the history of the instrument. The problems of intelligibility can be difficult because we arein aterritory
where art, mechanical technology, and science are intertwined. However, these separate aspects may become more
understandable if we travel back and forth between them, alternating descriptions of musical phenomenawith their
acoustical bases and accounts of scientific researches, sometimes starting with the historical origins of present-day
ideas and sometimes using our current understanding as a basis for reviewing the labors of past workers.

The general shape of this chapter is strongly influenced by the vividly expressed precepts of the distinguished
French acoustician, Henri Bouasse, who opened his two-volume work on wind instruments® with a chapter that is
instructively entitled " La science et I'archaeologie." From the opening epigraph onward Bouasse warns us to go to
the original sources, both scientific and aesthetic, and to strive always to keep our specul ations within the bounds of
the established knowledge of our time. To thisend | havetried in this chapter to describe only those things that are
within the realm of my direct personal observation, whether it is a matter of literary sources, musical phenomena, or
scientific observation and cal culation.

The chapter deals with the tone production process in the trumpet and with the general relation of the shape of
the air column to the tone and to the musical response of the musical instrument to which it belongs. Thereisa
continual alternation in this part of the chapter between descriptions of the practical behavior of the trumpet in the
hands of a musician and the related acoustical concepts as they might be studied in the laboratory. Sometimes one
of theseisused for the vehicle for introducing a new concept or phenomenon, and sometimes the other. In similar
fashion the history of some of these conceptsis sprinkled through the rest of the discussion at points where it might
become intelligible, or at points where it might itself serve as the entry door through which we may pass on our way
to anew topic.

Acoustical Preliminaries

Musicians are always concerned not only with the correct tuning, but also with the clarity of tones they
produce, and with the security with which they can start their sounds. They are also seriously interested in the
flexibility of the dynamics available to them on their chosen instruments. For many yearsit has been possible to
make fairly objective measurements of the intonation behavior of musical instruments, leading at timesto an
overemphasis on this aspect of musical performance. Tuning isamatter of musical context, so that to stand in front
of afrequency-measuring machine isto play in an unfamiliar context to say the least. On the other hand, such
observations can, when properly used, be the basis for great clarification of the practical business of obtaining
musically correct intonation. For instance, if aplayer seeks out away of blowing each particular noteto giveit the
clearest sound and the fullest tone, it will automatically lead him to find the pitch that is most associated with the
natural behavior of theinstrument. In other words, the variability of the measurement of the player's pitch can be
greatly reduced if we ask the instrument itself where it would, so to speak, best liketo play. Itisimportant to
remember, however, that pitch is only one of the aspects of musical tone production to be considered, along with
other subtleties such as clarity over awide dynamic range and prompt starting behavior. It has not been possible
until fairly recently to correlate such varying aspects of musical tone production with the details of instrument
design.

At this point | would like to describe in a preliminary way some of the acoustical eventsthat occur in abrass
instrument when it plays any single notein its scale, and so to relate the playing properties of the instrument to the
nature of itsair column. We will find that very stringent requirements must be met by amusical air columniif it isto
play even one note properly; by avery fortunate circumstance, a design that "sings" well can generally also be made
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to play awhole gamut of tonesin good tune. Thus our present restriction of the discussion to a single tone will not
limit usin our eventual understanding of the complete instrument asit livesin an orchestra.

In essence, awind instrument consists of a pipe or horn of varying cross section, which is coupled to aflow-
control mechanism that converts a steady wind supply from the player's lungs into oscillations of the air column
contained within the pipe. Figure 1 showsin diagrammatic form the general structure that is characteristic of abrass
instrument.
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Figure 1: Basic structure of abrassinstrument

Theflow of air from the player passes between hislips, which open and close rapidly in response to the
acoustical variations within the mouthpiece and so admit a periodically varying flow of air into the mouthpiece. Itis
this varying flow that maintains the oscillations of the air column. Putting it more concretely, the lips function asa
sort of valve, which opens and closes in response to the oscillatory variations of air pressure in the mouthpiece as
this pressure rises above and falls below atmospheric pressure. This pressure variation arises because the air within
the instrument is swinging up and down itslength. The air column, on the other hand, is maintained in its
longitudinally swinging vibratory motion by the periodic puffs of air that are supplied to it viathelip-valve. If, for
example, atrumpet is sounding the oboist's A (440 Hz), the air column is swinging back and forth along the hornina
complex motion that repeats 440 times a second, causing the lips to admit puffs of air of complex shape into the
mouthpiece at this same rate of 440 times per second. It will perhaps help usto visualize what is going on if we turn
our attention to avery close analogue of thisair column system.

The" Water Trumpet"—An Analog to What Happensinsdea Trumpet

Water waves moving in an open channel of varying cross section obey precisely the same equations as do the
sound waves that oscillate in an air column of varying cross section. The channel istherefore an easily visualized
model of the instrument'sair column. The lengthwise swinging of air in the column is replaced by the lengthwise
sloshing of the water in the channel, and our lips and lungs are replaced by a flow-control valve connected to the city
water supply. Figure2 showsthis hypothetical water trumpet, which is analogous to our familiar musical instrument.
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Figure 2: The "water trumpet



Benade--3

In this machine we will assume that afloat valveis controlled by the varying height of the water at one end of a
sloping channel, the other end of which communicates with the open sea. Thevalveisso arranged that it squirtsa
short burst of water into the channel whenever the water level here is high enough, and shuts off, or at any rate
reduces, the flow whenever the water falls below thiscritical level. If one were to set up asloshing of water in the
channel, and if the sloshing were strong enough to trip the valve open at its peaks, the valve would be opening and
shutting in time with the sloshing—a set-up that conceivably might maintain this back-and-forth swinging of water
waves indefinitely.

By striking a skillet with aspoon, an iron bar with amallet, a piano string with ahammer, or the end of an air
column with a sharp slap of the hand, one can set into a complex vibration the skillet, the bar, the string, or the air
column. Thiscomplex vibration is made up of aset of building-block vibrations, each of which hasits own
characteristic motion and its own particular defined frequency. The strength of the vibration of each of these
vibrational modes depends on the place and manner in which the impulsive excitation is applied, aswell ason itsown
vigor; but the frequencies at which these vibrations take place are solely determined by the object that has been
struck. These characteristic frequencies, which are also called the natural frequencies of the object in question, are
not necessarily members of a harmonic series, nor do they necessarily have any other orderly progression. These
general remarks about natural vibrations apply perfectly well to the sloshings of water up and down our channel if
they are all caused by a single impulse of water entering through a momentary opening of the valve.

Suppose now that in our initial investigation of the water trumpet, we select a particular taper for its channel and
see whether it could properly instruct the valve (which fulfills the function of our lips on an actual trumpet) so asto
make possible a sustained type of oscillation (such asis possible also when a bow interacts with amusical string, or
when awoodwind player blows on hisinstrument). Thissustained oscillation, which lasts until the player'slungs are
deflated, is quite distinct in its nature from the impulsively started natural vibrations that must inevitably die away
due to the effects of friction, asthey do in the case of astruck skillet, bar, or piano string. Let our channel have a
curving bottom arranged so that the water is very shallow at the closed ("mouthpiece") end where the valve acts, and
fairly deep at the end that is open to the sea. Let us suppose for simplicity that the channel is of such length and
depth that the natural mode of oscillation having the lowest frequency is one for which the sloshing recurs once each
second. If thiswerethe only mode of oscillation, it by itself would then be asking the valve to admit a burst of water
at one-second intervals. So far so good, but what about the second mode of water oscillation it is possible to havein
this channel? One might have (to choose a specific example) achannel having such rate of taper that the second
natural mode of swinging takes place 2.25 times per second, so that it would call on the valve to inject pul ses of water
this many times per second. In achannel of this shape, the third mode of oscillation would like to keep things
running at 3.58 repetitions per second, the fourth would prefer 4.87 per second, and so on.

Thefirst injected pulse of water acts like a piano hammer to excite the sloshing modes characteristic of the water
in the channel. The question then arises concerning the moment when the second pulse should take place if it isto
keep all of these modes going. Thetop line of Fig. 3 shows by black dots the instants, one second apart, at which
the valve should open to sustain the lowest-frequency oscillation of the water. The second line similarly shows what
is needed by the second mode, and so on. All the swingings are started together in our channel at the first burst of
fluid injected, but they get into aquarrel very quickly about how soon the wave should inject its next little slug of
water. We see that while mode 1 would like the valve opened after exactly 1 second, mode 2 votesto open it early at
about 0.87 seconds, and mode 3 would prefer to have water injected at 0.84 seconds. Mode 4 is adifferent sort of
troublemaker—it would be equally happy to have aburst quite early, at 0.82 seconds, giving a push to its fourth
swing, or atriflelate at 1.02 seconds, in time with itsfifth swing. Since all of these separate sloshings must cooperate
in order to pile up the water high enough to open the valve, we find that our sloping water channel would not find it
easy to maintain a steady oscillation. If on the other hand the float does not have to be raised too much in order to
open it, then only apartial cooperation will be needed among the modes. Under these conditions a certain type of
oscillation is possible in the channel. The system could find aworkable compromise time at about 0.85 seconds,
which corresponds to an overall repeating frequency of 1.18 sloshings per second. Interestingly enough, this
frequency has no simple relation whatever to any of the channel's natural frequencies, although it is chiefly
influenced by modes 2, 3, and 4. The oscillation is however sustained by a certain degree of cooperation among all of
them.
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Figure 3: Schedule of valve openingsfor thefirst four modes

Another kind of oscillation that might be imagined in this water trumpet is onein which mode 1 swingsin step
with every fifth swing of mode 4, modes 2 and 3 being left out of the game. It turns out however that oscillations of
thistype are not usually possible because of certain anti-cooperative effects arising from the ignored modes. We
find examples of all these phenomena throughout the world of wind instruments, and we shall meet practical versions
of several of them in later part of this chapter.

Our introductory meeting with the sloshing modes of vibration of water in an open channel givesus an initial
idea of the musical importance of the acoustical theory of wavesin achannel of varying width, and of the technical
understanding of the way aflow-control device can cooperate with an air column to maintain oscillations within it.
Certain mechanical requirements must be met if sound isto be produced at all, and more stringent requirements are
laid on usif we wish to produce dependable and pleasant sounds. The beginnings of a scientific understanding of
these matters occurred many years ago, and we are in a position now to turn away from our metaphorical water
trumpet and take up afew items of acoustical history. Let usbegin with the flow-control aspect of sound production
in wind instruments.

TheFunction of the Player'sLips

Aslong ago as 1830 Wilhelm Weber carried out experiments on the action of organ reedswhichled himto a
correct theory for the effect of ayielding termination (the reed, that is) on the end of acolumn of air.? In the present
context this means that Weber provides us with an understanding of how the player's fleshy lipsform ayielding
closure to the mouthpiece, in addition to their special function as arapidly acting flow-control valve. Hermann
Helmholtz provided the next advance. In 1877 he added an appendix to the fourth German edition of his classic work,
Sensations of Tone, which provides a brief but complete analysis of the basic mechanism whereby areed, or the
player'slips, respondsto the acoustic pressure variations within the mouthpiece to control the air admitted from the
player's lungsinto hisinstrument.®> The best account of the Weber-Helmholtz analysis and its musical consequences
was made by Henri Bouasse in his book, Instruments a vent, the two volumes of which appeared in 1929 and 1930.
These volumes contain what still constitutes one of the most thorough accounts of wind instrument acoustics
dealing with the brasses and the orchestral woodwinds, aswell as the flute and reed organ pipes. Bouasse has |eft
us with agold mine of mathematical analysis along with accounts of careful experiments donein collaboration with H.
Fouché or selected from the writings of earlier researchers. The nontechnical reader can find an account of many of
these mattersin my book, Horns, Strings and Harmony,* and in more detail in arecent article in Scientific American
magazine.®
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The Function of the Pipe and Bell—Inside the Air Column

Thetapering air column of the trumpet is the other partner in the collaboration that generates a musical tone.
The history of our understanding of wavesin tapered ducts (or "horns" asthey are customarily called by
acousticians) isalong one, and rather peculiar in that many times a basic understanding was gained and then lost,
until alater researcher was led to rediscover theideas all over again. On the other hand, a physicist who looks back
over the history of hissubject is struck by the prominent place that was originally occupied by musical acoustics. In
fact it was one of the important sources of information about the nature of the physical world and a prime source of
intellectual stimulation.

During the lifetime of Bach, the founding masters of theoretical physicstook fourfold inspiration from the
studies of the motions of the planets, the flow of heat, the flow of fluids, and, last but by no means least, the
vibrations of musical stringsand air columns. Already inthe 1760s Bernoulli, Euler, and Lagrange succeeded in
formulating the basic equation that enables us to make predictions about the behavior of sound wavesin ducts of
varying cross section. These early theoreticians discussed the behavior of sound not only in cylinders and cones
but even in the family of so-called Bessel horns, to which we now know the trumpets are closely related. Itisa
curious quirk of history that thisfamily of horns came to take its name from a nineteenth-century German astronomer
simply because certain parts of the mathematical description of Bessel horn acousticsis based on mathematical
results obtained in the course of purely astronomical calculations! Bernoulli and his contemporaries apparently did
not consciously recognize that musical instruments of their day approximated the Bessel shape; thiswas simply the
next shape following the cylinder and cone in the hierarchy of mathematical complexity.

This pioneering work, by men whose names are revered today by mathematicians, physicists, and engineers
aike, lay buried for nearly acentury. In 1838, the distinguished English mathematician George Green rediscovered
the earlier resultsin connection with his studies of water wavesin canals of gradually varying width and depth. This
work by Green arosein response to a pressing practical problem, the erosion of the banks of England's transportation
canals by waves set up by the canal boats as well as by tidal effects. Itisin hiswork that we find justification for
drawing an analogy between real trumpets and the water trumpet that was described in earlier pages.

In 1876 the German, Pochhammer, independently derived the equation and learned the properties of its most
important solutions. 1n 1873 Lord Rayleigh published a brief paper on certain electrical phenomenain which he used
astartlingly modern "operator method" of analysisthat later he put to use in 1916 when he published a sophisticated
and ingenious article on the acoustics of ducts of varying cross section. This paper included the derivation of the
basic "horn equation” as an especially simple case. Theimplications of Rayleigh's 1916 paper have proved to be
most helpful for some of us who have followed him. Finally, prehistory endsin 1919 when A. G. Webster published
his derivation of the equation, and seemingly the world of science was ready to pay attention. Ever since,
acousticians have referred to the basic horn equation as "Webster's horn equation," in defiance of itstrue history.

In the period that followed Webster, considerable practical use was made of horn acousticsin the design of
phonographs and | oudspeakers and for many other purposes. The subject of horn acoustics reached its
contemporary maturity in the classic papers of 1946 by Vincent Salmon, whence has spring a spate of papers by
many authors which has continued ever since. Readers wishing to become acquainted with the whol e subject would
do well to peruse the detailed and scholarly review article published in 1967 by Edward Eisner.® It is this paper with
its extensive bibliographical commentary that | have used asaformal basisfor my remarksin the preceding two

paragraphs.

Let usdigress here briefly to learn what is the nature of the Bessel horn shape and its relation to actual musical
instruments. The mathematical formulathat gives the diameter D of abell in terms of the distancey from itslarge
openendis

D = By +Yo)*

wherey, and B are chosen to give proper diameters at the large and small ends, and aisthe "flare parameter” that
dominates the acoustical behavior of the air column. This parameter differs from one instrument to another,
depending on its mouthpiece and |eader-pipe design. Trumpet bells as far back as those made by William Bull” in the
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seventeenth century correspond closely to the shapes of Bessel horns having values of athat lie between the limits
of 0.5and 0.65. Itisinteresting to realize that the bell shapes that have evolved by the traditional combining of eye-
pleasing artistry with practical experience are notably similar to one another in their acoustical description.

It isworthwhile to extend our digression enough to look briefly at the difference between loudspeaker horns and
musical horns. The design requirements of aloudspeaker horn are of a sort that demand the best efficiency in
radiating sound from a small source out into the air, whereas in musical instruments we will find quite the contrary
requirements are laid upon the design—the bell flare of abrassinstrument must be designed to save energy inside of
the horn, giving strongly marked standing waves (sloshings of the air) at very well-defined natural frequencies.

Returning now to the musical side of "horn" acoustics, we find that Bouasse made essentially no use of the
Webster equation. He gives an elegant and original derivation for it and solvesit for Bessel horns and for the
mathematically simpler exponential horns that find a certain application in loudspeaker design. Bouasse then drops
the equation and makes no further referencetoit? In dealing with brass instruments, Bouasse restricted himself to an
admirably clear exposition of the acoustics of what he called "cylindro-conical" composite air columns, which have
been intensively studied by other aswell, before and since. These air columns have however only arough and
qualitative acoustical resemblance to the musical brasses. Bouasse seemed to be quite unaware of the extremely
important role played by the mouthpiece of a brassinstrument in the overall fixing of the natural frequencies of theair
column. Thiskept him from resolving many of the serious questions that he was however perceptive enough to
raise. Wewill take up the subject of mouthpieces and their relation to the rest of theinstrument at several points|ater
oninthis chapter.

Bouasse's contemporary, the British physicist E. G. Richardson, needs mention in our account chiefly because
his widely read book, The Acoustics of Orchestral Instruments,® was the origin of acommonly held impression that
trumpet bells are of what is known as exponential form. He also promulgated some peculiar notions about the flow of
air in the mouthpieces of brassinstruments. It isregrettable that such errors crept into the work of a distinguished
scientist who made numerous contributions to other parts of musical acoustics.

An interesting document relating to the acoustics of brassinstrumentsis an extremely detailed patent obtained
in 1958 by Earle Kent of C. G. Conn, Ltd.*® He achieved correct tuning by joining a sequence of "catenoidal"
segmentsinstead of using asingle flowing Bessel-like shape. Segmentally proportioned bores are mathematically
bound to give irregular intonation patterns unlessthey are counterbalanced by additional irregularities of taper or
cross section. Practical examples of all these matters are thoroughly discussed in the patent, which also describes
the way an electronic computer may be used to aid the design process.

One other worker who has been an active contributor to the science of brassinstrument air columnsis Frederick
Y oung of Carnegie-Mellon University. He has published a series of significant papers beginning in 1960." He
represents the shapes of real brassinstrument air columns by a cascade of very short segments, each with an
assigned taper and flare. The smallness of the segments permits him to represent the properties of the smoothly
varying horn with reasonably good accuracy because it avoids mathematically introduced irregularities of the sort
that are deliberately accepted in adesign (such as Kent's) based on the choice of alimited number of segments.

In 1970 William Cardwell obtained a patent for a particularly simple type of brass instrument design involving the
ingenious use of asingle segment of catenoidal bell, attached on the one side to acylindrical main bore, and on the
other to ashort, rapidly flaring bell-end.* Thisdesign, which is somewhat related to that of Kent, was worked out
independently, and proves very practical for the construction of higher-keyed instrumentsin E-flat and F. Thetwo
patents by Kent and Cardwell make interesting reading because of the insight they give into the practical problems of
designing a brass instrument.

During the year 1967-68 Erik Jansson of the Speech Transmission Laboratory of the Royal Institute of
Technology in Stockholm worked with mein Cleveland on adetailed study of air columnsthat are useful for musical
instruments. Thiswork, which was both theoretical and experimental, dealt with trumpet, trombone, and French horn
bells. We unearthed a number of subtle relationships between our experiments and cal cul ations that we could not
clarify immediately. Itisonly recently that it has been possible to prepare complete reports on our results®
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An excellent source of information on brass instrument acoustics isto be found in the text and bibliography of
the 1972 doctoral dissertation submitted by Klaus Wogram to the Technischen Universitét in Braunschweig* Of
particular interest here is the extensive reference to European research, which is, unhappily, unfamiliar to many in the
English-speaking parts of the world.

This completes our overall survey of the historical side of air column acoustics, so that we arein aposition to
return to the interrupted account of the way we have come to understand the means whereby the air column governs
the player'slipsto produce atone.

The Cooperations Needed for Musical Results

For many years acousticians were puzzled and frustrated because their measurements of the natural frequencies
in wind instrument air columns did not correlate very well with the pitches played by musicians on these instruments.
As| haveimplied much earlier in this chapter in connection with the water trumpet, we now know that the musician's
toneis sustained with the help of several natural vibration modes that form a sort of government-by-vote that we
shall formally call a"regime of oscillation." Thisisa state of steady oscillation in which several air column vibrational
modes collaborate with the lip mechanism to generate energy at several harmonically related frequencies at once.

Thereis abundant evidence that Bouasse was aware of the inadequacy of an oscillation theory based on the
assumption that only one of the natural ("sloshing") frequencies of the air column isresponsible for collaborating
with the lip-valveto produce atone. In other words, Bouasse recognized the inadequacy of the Weber-Helmholtz
formulation of the oscillation problem even while he accepted itsbasic correctness. Bouasse'sinterest in the brass
player's"privileged tones" (concerning which | will have more to say later) givesthe clearest indication of this. Such
concerns actually led him to describe the qualitative nature of the true collaborative state of affairs, even though he
was unable to work out the quantitative relationships.

It was Bouasse's evident concern in these matters that provided the stimulus for the present author to take upa
close study of the subject of sound generation in a system in which several modes of vibration collaborate.”® The
first fruits of this study were described in a series of technical reports commissioned in 1958 by Earle Kent of C. G.
Conn, Ltd. These studies progressed with the aid of valuable counsel from many people. On thetechnical sidel am
particularly indebted to Robert Pyle, John Schelleng, and Earle Kent. 1n 1968 Daniel Gans and | reported on amore
developed form for this theory that could deal with the interaction of several partialsin atone and gave an account of
some of its consequences. We were even able to describe the successful design and construction of anonplaying
"tacet horn," which should have been able to sound, according to the Weber-Helmholtz viewpoint.*® Since that time
the work has been carried out much further here in Cleveland, particularly by Walter Worman who in 1971 presented
adetailed report on it in the form of his Ph.D. dissertation.”” For technical reasons his work was focused on
clarinetlike systems, but the consequences are of general significance. Robert Pyle has presented results of related
studies as his contribution to a symposium on brass instrument acoustics that took placein 1968.® Worman was
ableto trace out the waysin which areed-valve interacts with an air column and showed that the particular 'playing
frequency' chosen for the oscillation (along with its necessarily whole-number multiples) is one that maximizes the
total generation of energy, which isthen shared among the various frequency componentsin awell-defined way.
The steady collaborative vibration belonging to aregime of oscillation is made up of the fundamental frequency
component and a set of upper partials whose frequencies are exact whole-number multiples of the fundamental,
whether or not the air column's natural frequencies are harmonically related. All that isrequired isthat the natural
frequencies are in sufficiently harmonic relation that they can set up aregime. The better that the lower two or three
modes are in agreement with one another, the freer the speech of the instrument and the more centered itstone, in
agreement with the observations of Bouasse.

It istime now to focus our attention on actual air columns of amusical sort, in order to understand the practical
implications of the acoustical theory that we have merely sketched out so far. In the paragraphsimmediately
following, | will describe briefly certain laboratory measurements on musical instruments which can then be used as a
basis for describing the tone that they produce. The ultimate goal of these descriptionsis preparation for a
meaningful discussion of the tonal similarities and differencesto be found between the trumpet of today and of the
Baroque era.
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We have had hints already that the basic property of the horn that controlsthe vibration of the lipsisthe
acoustic pressure developed in the mouthpiece cup under the stimulus of agiven oscillatory flow of injected air. Let
us see how this air column response might be measured in the laboratory independently of the complications
engendered by the interaction of the air column with the player'slips. Conceptually, the simplest method would be to
have a sort of oscillatory pump that feeds the mouthpiece cavity viaacapillary tube such as one might cut from a
hypodermic syringe (see Fig. 4). Sinusoidal (pure tone) pressure fluctuations that are produced at the motor's
driving frequency in the pump cylinder giveriseto asmall, well-defined, and perfectly predictable oscillatory flow
into the mouthpiece. If we then use atiny microphone to measure the amplitude of the pressure fluctuations
produced in the mouthpiece in response to the oscillatory flow of injected air, we will have the desired response
information, and this could be displayed in the form of agraph as afunction of pump driving frequency. Asa
practical matter one usesin place of the pump various cousins of the familiar loudspeaker. Such adriver is controlled
by means of an auxiliary microphone that maintains a constant flow stimulus as one sweeps automatically through
the interesting range of frequencies. Between 1945 and 1965, Earle Kent and his co-workersat C. G. Conn in Elkhart
developed one form of this basic technique to avery high degree of dependability.
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There are several additional methods for measuring the pressure response of an air column to injected air flow.
These are more subtle to understand, but they are sometimes freer of complications when making high-accuracy
measurements. One such device of great versatility was first described by Josef Merhaut of Prague.® Another
devicethat isof great utility for the study of brassinstrumentsis an adaptation of an apparatus first constructed by
John Coltman for his studies of the sounding mechanism of the flute.”” Thereisyet another class of air column
measuring techniques that is historically much older, being first devised by the Englishman, Blaikley, in the
nineteenth century. A modern form of the Blaikley arrangement is easy to set up and involves measurements of the
acoustic pressure variations in the mouthpiece, as before. However, the excitation of the air column is done by
means of a properly monitored source loudspeaker placed near the open bell of the instrument, instead of through a
fine tube leading into the mouthpiece cavity. In my laboratory | find that all of these techniques have virtues that
adapt them particularly well to one sort of measurement or to another.

It istime to explore now what sort of pressure response curve we get as aresult of aflow stimulus applied at the
mouthpiece end of an air column. An acoustician would rephrase the question and ask for the input impedance Z of
the horn as afunction of frequency. When a piece of cylindrical trumpet tubing about 138 cm is attached to an
excitation system, the pressure response curve shows dozens of input impedance (response) peaks whose
frequencies are evenly spaced at odd multiples of about 63 Hz (see Fig. 5a). The nature of this pattern of pressure
response peaks shows that they are to be identified with the "natural” frequencies of acylindrical pipe stopped at
one end that are described in every elementary physicstextbook. Because the frictional and thermal losses of wave
energy taking place at the tube walls increase with frequency, these resonance peaks become less and less tall at
higher frequencies. The energy radiated into the room from the open end of such apipeis, however, only atiny
fraction of one percent as compared with the energy that is dissipated at the pipe wall.
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Figure 5a: Input impedance of apiece of cylindrical tubing

If we alter this piece of trumpet tubing by adding atrumpet bell, the input impedance curve changes to one of the
sort shown inFig. 5b. A closelook at the frequencies of the response peaks shows that the first peak is hardly
shifted by adding the bell, but the frequencies of the other resonances are lowered in a smoothly progressing order
because of the way waves movein the bell. The trumpet-bell-plus-pipe system shows arapid falling-away of the
tallness of the peaks at high frequencies because an increasingly large fraction of the acoustic energy supply leaks
out through the bell into the room. Above 1500 Hz thereis essentially no returned energy from the flaring part of the
bell. The small wigglesin theimpedance curve at high frequencies are due chiefly to small reflections produced at
the discontinuity where the bell joins the cylindrical tubing.
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One need only glance at the impedance curve for a cornet (Fig. 6) in comparison with curves for a pipe or a pipe-
plus-trumpet-bell to realize that the presence of a mouthpipe and mouthpiece has a considerable effect on the overall
nature of the input impedance. The resonance peaks grow taller up to about 800 Hz, and then fall away in amanner
that is only vaguely reminiscent of the falling away of the curves belonging to the trumpet bell plus pipe. Thethird
and fourth impedance peaks of this particular cornet do not follow the smoothly rising trend that proves necessary
for areally fineinstrument. Theseirregularities of tallness are associated with irregularitiesin the frequencies of
maximum response. They are caused by slight constrictions and misalignments of the tubing as it connects with the
valve pistons, and with the junction of the main bore and the mouthpipe. One finds that irregularities of this sort give
rise to difficultiesin the tone and response of aninstrument which are readily apparent to the player. The cornet
whose response curve is shown here was made in 1865 by the respected British craftsman Henry Distin. The original
owner of thisinstrument was Eckstein Case, nephew of the founder of what is now Case Institute of Technology of
Case Western Reserve University. He gaveit to Dayton C. Miller, also of Case, whose studies in musical acoustics
in the early part of this century are well-known.

o —
U -
=z
< _
a
[IT]
n-.
=
= i
= h
a . -
= A
=3 - 1 1 A

—i 1 §W WYL

i JR N LY A
1| T 47 \ | B AN
1 \ Fa
i I - —
] i | -y
RN [
Y7 bi v
I/
0 00 2000

|
EXCITATION FREQUENCY (Hz)
Figure 6: Measured impedance curve for acomplete cornet

We have now had an introduction to the nature of the response curves that summarize the acoustics of trumpet-
like air columns. We also have dealt in apreliminary way with the interaction of a player'slips with the air column of
hisinstrument. We arefinally in a position now to look at the nature of these collaborations between aplayer'slips
and hisinstrument, as actual tones are sounded on amodern trumpet. First we will see how the tones are generated,
and then we will look at the nature of these tones as they are played at various dynamic levels.

Figure 7 illustrates what goes on within amodern B-flat trumpet when the player is sounding the written note C,
and the G, just aboveit. Theregime of oscillation for the note C, is based on the second of the impedance maxima of
the air column in consort with the fourth, sixth, and eighth of the peaksin the curve. When the tone is sounded at
the pianissimo level, the playing frequency closely matches that of the second peak, which isthe only contributor to
the oscillation. Astheloudnesslevel increases, the other peaks successively becomeinfluential. A beginner
attempting to play this note softly findsit to be quite wobbly because he is unable to maintain a steady lip tension,
and the basic resonance of the horn for this note does not have avery largeimpedance. However, as he plays more
and more loudly, the fourth, sixth, and to some extent the eighth peaks enter the regime one by one and add their
stabilizing influence to the total oscillation.
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Figure 7: Impedance of amodern B-flat trumpet

When the player sounds the note G,, the impedance maxima of the instrument that collaborate to form the regime
of oscillation are peaks number three, six, and to some extent nine. For the note G, we observe that the impedance
maximum that controls the pianissimo playing is much taller than it was for the note C,, which makes the softly played
sound more stable. Asone plays somewhat louder, the very tall peak belonging to the second harmonic in the
regime adds considerably to the strength and stability of the oscillation. For these reasons G, is one of the easiest
notesto play on the instrument.
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Figure 8: Decrease in impedance peak heightsfor higher notes

In Fig. 8 we show once more the response curve for our trumpet; this time the regimes of oscillation are indicated
for the written notes Gs, Cg, and high Es. Notice that the Gs is what might almost be called a solo performance—the
regime of oscillation is dominated by the sixth impedance maximum of the instrument (which isavery tall peak
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indeed). Becausethereisonly one impedance maximum contributing strongly to this oscillation, itisanotethat is
very well-described in terms of the original Weber-Helmholtz form of the theory, no matter what the dynamic level of
the playing. The same remark appliesto the C and the E above the Gs. However, these notes are more difficult for the
player because the single active Z peak is not very tall. It takes an athletic trumpet player to play the high E and still
higher notes. Quite aside from his problems with obtaining adequate lip tension, the player finds that the instrument
has begun to turn into a megaphone in the range of such notes, and the energy production is almost completely due
to the interaction of the air with the lips themselves in amanner quite anal ogous to the way the human larynx
operatesin producing one'svoice. (On the Baroque trumpet the design of the bell and mouthpieceis such that the
resonance peaks that help sustain these higher oscillations are appreciable and are active to somewhat higher
frequencies than is the case on the modern instrument.

Let uslook now at apair of examplesin which the player is able to produce anote on hisinstrument for a playing
frequency that does not correspond to a natural frequency (frequency of maximum response) of the air column.
Notes of this sort have been known to brass players since the earliest days, and were a part of the horn player's
technique at the time of Mozart and Beethoven. The need for them was, however, reduced as the instrument because
more mechanized. In recent years thistype of note has returned to use, chiefly by musicians wishing to play bass
trombone parts without the necessity for a special thumb-operated valve that is otherwise required. Tubaplayers
also find the technique useful upon occasion. It istones of thisgeneral classthat attracted Bouasse's attention, and
thence stimulated us to follow up their implications. These are the "privileged tones" referredto earlier. They are
also sometimes called "factitious tones" by brass players, and are dealt with in a needlessly apologetic manner, as
though there were something immoral about this manifestation of the complexity of nature! Figure9 showsthe
regimes of oscillation for two examples of these privileged tones. The written note C; in the bass clef, which isknown
to musicians as the pedal tone of the trumpet, isrun as aregime of oscillation such that the 2nd, 3rd, and 4th
resonance peaks of the instrument sustain an oscillation that lies at afrequency equal to the common difference
between their own natural frequencies. Thereis actually aloss of energy at the fundamental playing frequency for
this note, rather than a gain, because there an impedance minimum rather than a maximum in the response curve of
the horn, which makes it possible to play in a stable manner only at afairly loud dynamic level. Also one findsthat
thereisarelatively small amount of fundamental component generated in thetone. This pedal tone regime will be
recognized as being an almost exact analogue to the compromise frequency situation that we met much earlier in
connection with our water trumpet. The situation for the written note G; is even more peculiar than for the pedal
tone, in that the 2nd and 4th components of this new tone are the chief sources of oscillatory energy production.
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Figure9: Regime of oscillation for twounvalved "privileged" tones



Benade--13

On the other hand the fundamental component of the tone and all the other odd-numbered harmonics do not
contribute to the oscillation at all, because the air column'simpedanceisvery low at those frequencies.

By now we have made afairly detailed inspection of the waysin which agiven air column (the open-fingered
trumpet) collaborates with the player'slips to produce a set of tones. This set of tones (aside from the additional,
closely related tone amusical fifth above the pedal note) makes up the harmonic series of pitches upon which
trumpet music was originally based. The reader may be wondering what happens when any of the piston-valves are
depressed on histrumpet. Nothing radically new takes place. The bell, mouthpipe, and mouthpiece design dominate
the overall pattern, or the envelope, of aresonance curve—the pattern of peaks getting taller and taller as one goes
from low frequencies to about 850 Hz and then falling away and disappearing at high frequencies. Because of this,
the simple addition of cylindrical tubing into the middle of the instrument by means of piston-valveswill merely shift
the whole family of resonance peaksto lower frequencies, but will leave them fitting pretty much the same envel ope.

Asaresult, my earlier remarks apply essentially unchanged to all the in-between notes that are played using different
valve combinations.

The Baroque Trumpet

We now turn our attention to an example of the earlier, valveless form of the trumpet, aswe consider a'Tarr
Model' Barogue D trumpet made by Meinl and Lauber. Figure 10 shows the ordinary input impedance curve
belonging to thisinstrument when played with the vent hole closed. Comparison with Fig. 7 shows that the overall,
qualitative shape of the resonance curves for the Baroque D and modern B-flat instruments are quite similar. The
resonance peaks are, however, more closely spaced along the frequency axisfor the D trumpet, simply because of its
greater length. For ease in comparing the musical behavior of the two instruments, let us start by considering the
regime of oscillation that supports the note concert A ; of the D trumpet (at 220 Hz in modern tuning). Thisisonly a
semitone away from the open tone written as C, for the B-flat instrument, so that such matters aslip tension and the
frequency response of our ears are roughly the same. When one plays loudly on the D trumpet, thetone Az is
sustained by the cooperation of peaks 3, 6, 9, and 12, with some help from peak 15. All thisis shown in thefigure.
The fact that the successive higher-frequency resonance peaks grow in tallness means that they keep their influence
to asomewhat lower dynamic level of playing than isthe case for their cousins (peaks 2, 4, 6, and 8) on the modern B-
flat trumpet. Thisby itself givesthe Baroque instrument amore steady A ; than is the case for the C, of the modern
instrument.
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Figure 10: Impedance curves of a Baroque trumpet with its vent hole closed
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The next member of the basic harmonic series of tones available to the Baroque musician is the note D, , which is
sustained by aregime based on resonance peaks 4, 8, and 12, with some help from peak number 16. Once again we
have a stable tone involving many cooperating resonances of the air column. The reader by now has enough
knowledge of the dynamics of trumpet tone color that he can work out for himself the implications of the resonance
curve for other tones in the musical sequence, using Fig. 11 to tell him which resonances collaborate to produce the
various tones. We note that above E; there is essentially no collaboration. We also note that everywherein the
scale the serial number of the tone is the same as the serial number of the tonein the musician's harmonic sequence.
The seventh tone in this sequence, which is not customarily considered part of the named-note sequence, isafairly
well-supported tone based upon peaks 7 and 14. Peak 14 islocated at afrequency that is slightly less than twice that
of peak 7. When one plays softly (so that peak 7 dominates the regime), the tone comes out most naturally on our
instrument as adlightly flat Cs. When, however, the dynamic level israised progressively, the pitch drops toward a
slightly sharp B, as peak 14 assertsits growing influence. In short, we have here aslightly unstable note that can be
pulled up or down in pitch by the player to meet at least some of the musical requirements for notes written as B, or
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Figure 11: The collaborating resonances for various tones of a Baroque trumpet

The next in the series of tones availableto the player isDs. Thisisthe highest of the tones in the Baroque
trumpet's scale for which one has detectabl e cooperative effects from the higher air column resonances. Peak 8
determines the oscillation in soft playing, and the sound tendsto run alittle flat during a crescendo because peak 16
again has afrequency slightly lower than twice that of peak 8.

The Tarr Model Barogque D trumpet is supplied with avent hole located at the junction of the bell with the main
cylindrical bore. A considerable increasein the number of playable notesisprovided by this hole, employing
acoustical meansthat are not quite the same as those belonging to the unvented trumpet nor yet the same as those
associated with note changes on awoodwind. In other words, it isnot correct to think of the action of the holeasa
simple‘cutting off' of the air column at its position. We are dealing with atripartite air column—main bore, vent hole,
and bell. Tonally we still have a close approximation to the normal trumpet in that most of the sound comes from the
bell, and it is therefore radiated in a manner quite similar tothat which characterizes the normal notes. Figure 12
shows the measured resonance curve for our trumpet when its vent isleft open. At first glance the curve appears
very similar to that shown in Fig. 10 for the normal instrument. Closer inspection reveals, however, that the
resonance peaks are spaced wider apart along the frequency axis, and also that the composite air column givesrise to
arather complex shape for some of the peaks, with small subpeaks and shoulders making their appearance here and
there.

Let uslook into the acoustical properties of several of the tones that can be played with the vented trumpet,
beginning with the tone based on peak 3. Thisisawobbly, unclear tone that comes out near C, when sounded
pianissimo. Louder playing permits one to sound atone aslow as B, because of the influence of peak 5 on the
second partial of the tone, and of peak 7 on the third partial. We also find it possible to sound the note as high as
C4#, when peaks 6 and 8 have supplanted peaks 5 and 7 as the influences upon the second and third components of
the vibratory recipe.

The next tone in the seriesis aslightly sharp F# based on peak 4 when one plays softly, rising to G# when the
toneis sounded strongly enough that peaks 8 and 12 begin to exert their influence. Abovethiswefind aclearly
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defined A 4# based on peak 5. Even though peak 10 is quite sharp relative to twice the frequency of peak 5 it does not
try to pull the note sharp on crescendo because of the presence of asmall jog onitslower flank. Thisjogislocated
at exactly theright place for good cooperation with peak 5, so the noteis quite stable.
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Figure 12: Impedance curve of a Baroque trumpet with its vent hole left open

Peak 6 of the vented series of resonances gives aslightly veiled Cs#that is pitch stable on crescendo but without
any cooperative effects from the higher resonance peaks; the second partial of the tone falls at the dip between peaks
11 and 12, so that thereis actually a certain amount of anti-cooperation.

The next notein our seriesisthetone Ds. Thisisnot based on peak 7, but rather is a privileged tone whose
frequency lies between those of peaks 6 and 7. The oscillatory energy is produced chiefly through the influence of
peak 12 on the second partial component of the played tone, with alittle energy input coming from the fundamental
component as it works with the jog that isfound on the high-frequency flank of peak 6. It will be convenient to |abel
this privileged tone as 6-bis rather than as 7 in the sequence, to emphasize its special status.

We conclude our sketch of the oscillation dynamics of the vented tones with aremark that the seventh of the
normal sequence here gives the note Fs, based on peak 7 with the help of peak 14, which pullsit alittle sharp on
crescendo. Tones 8 and higher run without collaborative influence from higher resonance peaks and need not be
discussed further here.

The'Internal' Spectrum of the Modern Trumpet

Our outline of the way modern and Baroque trumpets generate their tones through various cooperations
between air column resonance peaks gives us a solid basis from which we can begin an inquiry into the acoustical
and musical nature of these generated tones. Let us consider how tone color isinfluenced by the air column of the
trumpet. We must first of all distinguish clearly between the internal tone color that could be perceived with the help
of aprobe microphone inserted into the mouthpiece cup and the tone color of the sound that issues from the bell in
the normal manner. Our discussion so far has been concerned with the interaction of theinternal sound waves with
thelips, so we will begin with the tone color within the mouthpiece, and then consider how thisis modified as it
leaves the bell of the instrument and enters the concert hall.

Among the successes of Walter Worman's research into tone production by wind instruments was a clear-cut
description of how the internal tone color (i.e., the strengths of the various partial components that make up the
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internal tone) depends on the playing level and on the nature of the air column. In instruments having a pressure-
controlled air valve (whether lip, or reed), the strengths of the various harmonics generated in aregime of oscillation
have aparticularly simplerelation. Leaving out the quantitative details, we find that theory and |aboratory experiment
agree on the following description of thisinternal sound. When one plays pianissimo on any note whatever, the
internal sound has an almost purely sinusoidal waveform and sounds very much like atuning fork if welisten in with
the aid of a probe microphone. That is, the sound is made up of afundamental component at the playing frequency,
with almost nothing to be found at the frequencies of the harmonically related higher partials. Asone playslouder
the tone spectrum devel ops, harmonic by harmonic, the lower ones growing first. The tonesthat are generated by an
oscillatory regime involving several resonance peaks develop their higher partials rather quickly and the internal
sound becomes full and rich at alower dynamic level than isthe case for notes that rely upon only one or two air
column resonances. We also find that the strength of any particular generated partial islargeif the resonance peak
associated with itintheregimeistall, and it isweaker if the peak islesstall.

Let usturn our attention to the practical implications of thisfor amodern trumpet. 1n 1970 a series of
measurements was made with the help of Charles Schlueter, who plays principal trumpet in the Minneapolis
Symphony (in 1970 he was a member of the Cleveland Orchestra). Schlueter played diminuendos and crescendos on
one of my instruments, a B-flat trumpet, Selmer Paris, serial no. 4866. Thiswas equipped with both an internal and an
external microphone, which were fed to atape recorder so that the results could be studied at leisure in various ways.
The trumpet is the same one from which the resonance curves shown in Figs. 7, 8, and 9 were obtained.

Figure 13ashowstherelative strength of theinternal partials belonging to the written C, (see Fig. 7 for the air
column resonances that participate in the generation of thistone). The uppermost of the Fig. 13a curves connects
black dots that indicate the strengths of the first eleven partials produced when the trumpet is played fortissimo. The
lower families of curvesindicate similarly the strength of the partials at lower dynamic levels. We can see clearly here
that as one plays more softly, the higher-frequency partials become weak more quickly than do the lower ones. At
the weakest pianissimo that can be sustained by the player, the internal tone contains almost nothing beyond its
fundamental component. | should like to emphasize that data of this sort are extremely stable. Measurements made
on many separate tones, some starting mp and swelling to fff and some diminishing from mf to ppp, join smoothly
when the curves are analyzed and the spectra plotted on agraph. The open-circled data pointsin our graph for C,
can be used to show in addition that the behavior described here is determined chiefly by the trumpet and its
mouthpiece, and only secondarily by the player. This particular curve shows the spectrum of atone played ata
loudness lying between mp and p. It isbased on the analysis of atone that | myself played and recorded in the
course of setting up, testing, and calibrating my equipment, several days before Charles Schlueter camein for the
more formal experiments.
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Figure 13a: Internal partials of the written C, (concert B-flata) on amodern trumpet
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Figur e 13b shows the measured internal spectrabelonging to various playing levels of the written note Cs. We
notice that the spectrum lacks appreciable strength in the harmonics beyond the fifth partial, even when the note is
played very loudly. Thetone does not become as pure at the pianissimo level, however.
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Figure 13b: Internal partials of the written Cs

Figures 14a and 14b show similar spectrafor the staff-top Gs and the high Es. The spectra of these higher notes
show the progressive impoverishment of the tone color as one goes higher in the scale. It is possible to show by
auxiliary experiments, especially with cylindrical pipes and with French horns, that these phenomena are not so much
due to the limitations of the player'slips as they are to the diminishing number and strengths of the resonances that
take part in the oscill ations as one goes up the scale (see Figs. 7 and 8 for the regimes of oscillation that determine
these tones).
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Figure 14a: Internal partials of the written Gs
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Figure 14b: Internal partials of the written Eg

| must emphasize at this point that the spectra described here have been plotted to include only the first few
harmonic components of thetone. There are components at higher frequencies which have a noticeabl e effect on the
overall tone color; however, they play amuch subtler role than do the ones shown. One finds that the basic
character of most wind instrument tones is established by the first half dozen components, to the extent of
identifying the instrument's style of construction, its player, and often even its maker. | should also remind the reader
at this point that the internal spectra discussed so far are not the ones that are supplied to our earsin the concert
hall.

The'lnternal’ Spectrum of the Baroque Trumpet

Before considering the tone of amodern trumpet in the concert hall, let us turn our attention to the nature of the
internally measured spectrum of various notes on a Baroque D trumpet replica. A week after the series of
measurements on the modern B-flat instrument, Charles Schlueter and | joined forces to make similar observations on
the Tarr Model replicathat we discussed earlier. Figure 15 shows the strength of the partials of concert A ; played at
various dynamic levels. Because the pitch of this noteis only a semitone below that of the written C, played on the
modern trumpet (see Fig. 13a), we may assume that the player'slip tension, etc., is roughly comparable on the two
instruments. A superficial comparison of Fig. 15 with the corresponding part of Fig. 13 does not give an impression
of great difference between the two spectra. Closer inspection shows, however, that at all playing levelsthethird
partial of the Baroque instrument is somewhat stronger relative to its brothers than is the case for its modern
counterpart.

Analysis of the higher tones played on the Baroque trumpet gives results that are quite reminiscent of those
obtained for the modern instrument. However, the increased strength of the second and third partialsrelative to that
of the fundamental component in the Baroque instrument becomes even more pronounced for the higher notes than
it isfor the lower one upon which we have already remarked.
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Figure 15: Internal partials of concert A ; played on a Baroque trumpet

Relation of Internal to External Tone Color Spectrum

Up until now we have been discussing the strength of the various harmonic components of atone asthey are
measured inside of the mouthpiece by means of a special microphone. What one hearsin the concert hall is of
course avery different thing. The spectrum generated inside the mouthpiece is transformed into the spectrum found
in the concert hall by the selective nature of the transmission of sound from the mouthpiece out through the bell flare
into the room. There are many facets to this transmission process, even without taking into account the complexities
of room acoustics or the complication of our perceptual mechanism, which does aremarkable job of processing the
great irregularity of room propertiesto give us definite impressions of the tone quality of our instruments. The
qualitative nature of the transformation of the spectrum from inside the mouthpiece to that heard in the concert hall is
similar to that of the treble boost control of ahi-fi amplifier. In other words, the higher components of the internally
generated tone are preferentially radiated. We are only just beginning to unravel the mysteries of the transformation
function.

Studies of the closely related but much simpler transformation between the internal spectrum and one obtained
from amicrophone located at a carefully chosen spot immediately outside the trumpet bell (as was the case in my
experiments with Charles Schlueter) show that the transformation differs between loudly played and softly played
notes, and that it differs from player to player much more than isthe case for the internal spectrum itself. For this
reason, | show only the general, qualitative nature of the transformation function inFig. 16. It isalso because of this
only partially resolved complexity that | will confine my discussion of the general nature of the external spectrumto a
single example, and use it as abasis for only such comments on its musical implications as are scientifically justified
at the present time.

Figures 17aand 17b show the external spectraof the written C, (concert B-flat) played on the modern B-flat
trumpet, and the concert A ; of the Baroque D trumpet. These spectra are analyzed from recordings made with an
external microphone, recorded on the second track of the same tape that carries the internal spectrum datafrom which
are derived the curves shown in Fig. 13aand in Fig. 15. We can see at aglance that the external spectra produced by
the two instruments are quite different. The modern trumpet has a loud-playing spectrum in which at least the
second and third components are stronger than the fundamental component, whereas, in the spectrum of the
Baroque instrument, all the lower partials are of more or less equal strength. During a diminuendo the spectrum, and
hence the tone color, of amodern instrument changes (in the direction of simplicity) considerably more than does
that of the Baroque instrument. In other words, during a decrescendo the Baroque instrument keepsits fully
developed tone down to a much lower dynamic level than does a modern trumpet. Theimplications of this difference
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Figure 16: Generalized transmission function showing the variation of acoustic energy with frequency

for the musician are considerable, especially when account is taken of a closely related acoustical distinction between
the two designs. Itisinherently easier on along-bore instrument to achieve the accurately aligned resonance peaks
that give stability of speech to the mid- and low-range tones of abrassinstrument. For thisreason areally good
Baroque instrument permits comfortable playing at low dynamic levels and allows the spinning-out of diminuendos
to an extent that can be quite astonishing to the player of present-day trumpets. These advantages of the design of
the Baroque instrument explain why it is so difficult to maintain tonal and dynamic balance between a modern trumpet
and asmall chamber group of the sort called for by Bach and Handel. The player cannot 'lean into' hisinstrument for
full tone and security of attack without drowning out everyone else. | leave adetailed discussion of these mattersto
other contributors to this book and will merely remark that Philip Bate's brief but well-chosen words on this subject™
arein entire accord with the acoustical facts described above.
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Figure 17a: External spectraof written C, (concert B-flat;) on amodern B-flat trumpet
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Figure 17b: External spectraof A; on aBaroque D trumpet

TheMenke Trumpet

At the end of Bate's discussion he alludes to the work of Werner Menke of Leipzig, who in the 1930s strove to
devise atrumpet combining the tonal advantages of the old trumpet with the technical convenience of modern valve
mechanisms. My own interest in the acoustics of brass instruments stems from areading in 1948 of Menke's book®
describing hisresearches. Musicians who have played on examples of the Menke design (as constructed by Gebr.
Alexander in Mainz) are unanimousin their opinion that the instrument is extremely hard blowing, with the high notes
amost unplayable. These faults seemed to me to be inherent since they are present despite the perfection of
workmanship characteristic of everything made by the Alexanders. | found it curiousthat atwo-valved F trumpet
using bell and mouthpiece of reasonably familiar design could be so recalcitrant in its behavior. In 1969 | had the
privilege of visiting Anton Alexander in Mainz, which provided an excellent opportunity to see a Menke instrument
and to learn of its properties at first hand. Through the kindness of Mr. Alexander, | have had thisinstrument and a
matching bell with mein Cleveland on extended |oan for study and experimentation.

Theregularity of the peaks of the measured input impedance curves of the Menke trumpet showsiits careful
workmanship. We are provided here with abeautiful example of the way in which resonance peaks that are placed
accurately enough by ordinary tuning standards may not be suitably arranged for good cooperation in the various
regimes of oscillation. Thelong cylindrical bore does not work well with any conventional mouthpiece. However,
recently | have found it possible to construct a mouthpiece that suits the instrument reasonably well over the whole
of the range intended for it by Menke. Presumably further work will perfect the mutual adjustment of mouthpiece and
air column. It iscertain already that Menke's musical intentions were entirely correct and compatible with the basic
principles of acoustics.

The Problem of Clean Attack

So far we have explored the acoustical requirements that must be met by atrumpet if it isto play steady tones
one by one. | have also implied that in general an instrument that speaks with stability and clarity will also have a
good tone, in the musician's sense, and also that it can be built to play accurately intune. There is one more attribute
that isrequired of amusical instrument if it isto be considered of first quality: it must start itstones cleanly and
promptly and be forgiving of small inaccuracies of the player's lip tension as he shifts rapidly from one note to the
next.

The acoustical properties of an air column that contribute to a clean attack for every note may be looked at in
two parts. To begin with, anything that makes for a'happy' collaboration during the time anoteis sustained will in
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general contribute to aprompt build-up of an oscillation when the tone is started. 1t seems almost to be atruism that
the placement of resonance peaks at frequencies that favor the maintenance of oscillation should also favor the
secure beginning of such an oscillation. For the woodwind player, thisis very nearly the complete story. The brass
player has, however, one more thing to contend with because of the great length of the instrument with which he
produces the same notes as the shorter woodwinds do. Basically he must deal with the fact that in along instrument
it takes along time for acoustical 'messages' to travel from mouthpiece to bell and back, informing the lips of the
collaborative job they must do with the air column.

L et us see what happensto theinitial part of the acoustical disturbance set up by the player'slips as he attempts
to start atone. Thisdisturbance travels down the bore with a speed that depends on the rate of flare of the air
column, and then in the flaring part of the bell some of thiswaveis reflected back toward the mouthpiece, with the
remaining (generally small) fraction of it being radiated out into the room, where we can hear it. The reflected wave,
upon returning to the mouthpiece, 'tells' the lips how and when they must reopen to admit the next puff of air in the
sequence of puffsthat sustain the tone after everything has settled down. Until the first reflections begin to come
back, the lips are on their own. The air column has not yet expressed its preference for one or another of the
frequencies with which it is able to collaborate. A superb player of the sort who has learned to buzz hislipsin perfect
pitch even when playing on abrassring has little problem with agood trumpet. He buzzes the desired note and the
air column isvery happy to collaboratein its own good time. The collaboration cannot of course even begin until
there has been time for at |east one complete round trip of the initial sound to go down the air column and back, and it
reguires two or three more round trips before the regime of oscillation has set itself up completely. Inafast, running
passage, there is barely time for one regime of oscillation to be set up before it must give way to the next.

We are now in aposition to understand why small irregularities of either the cross section or the taper anglein
the air column can be fatal to aclean attack. Even asmall step change in cross section in the middle of the air column
(produced by atuning slide, etc.) or anill-chosen change in the taper will return a premature echo of significant size
to the mouthpiece, an echo that is not even areplica of the original disturbance. Suchill-timed, ill-shaped return
echoes can upset the best-trained of lips and, having spoiled the steadiness of thisinitial vibration, will ruin the
attack. Suchirregularities are of course acomplete disaster for the less-skilled player, even if he can maintain a good
sound once it is started. Curiously enough, it is possible to build an instrument that gives a strong, clear sustained
note, and yet is unwilling to start well at all. Various discontinuities may deliberately be introduced to offset one
another, or to counteract other faults of the air column. This can give awell-tuned stable instrument, with good tone,
even though it can be extremely treacherous during the attack of its various notes. Every musician has met such
instruments, as well asthose that attack cleanly but which lack other virtues that are needed for the production of
real music.

My description of the starting-up process for trumpet tones so far has left the impression that the longer the air
column, the slower or more risky the attack necessarily must be. Anyone acquainted with the long Baroque trumpet
isaware, on the other hand, that these instruments are at |east the equal if not the better of the modern short design
in starting characteristics. The explanation for this can be found in terms of an understanding that 'the speed of
sound' is a phrase that actually refersto two different aspects of sound propagation.

Thefirst sort of speed that turnsup in relation to acoustical disturbancesiswhat the physicist callsthe 'wave
velocity' for asound of precisely defined frequency. The wave velocity in general dependsjointly on the frequency
of the sound and on the rate of flare of the air column through which it travels. We find that it is thiswave velocity
for soundsin an air column that determines its resonance frequencies. In the special case of straight-sided air
columns (the ordinary pipe, and the simple cone), the wave velocity isindependent of frequency, and becomes equal
to what we may call the ordinary speed of sound in the open air.

The second kind of speed is known as the 'group velocity.! We may say that thisis ameasure of the speed with
which abrupt disturbances travel down an air column. The group velocity depends on the frequency component that
predominates in the disturbance and, once again, it depends on the rate of flare of the horn. Asabove, the group
velocity for soundsin astraight-sided air column isindependent of frequency and is equal to the open-air speed of
sound.
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The actual values of the group velocity and the wave velocity most closely related to it are not at al the samein
most hornlike air columns. The round-trip time for the initiating disturbance of atrumpet toneis calculated from the
group velocity and not from the wave velocity. In other words, the trumpet maker has the very interesting technical
problem of getting awhole set of wave velocitiesto come out right if he wants good steady sounds, and he must at
the same time achieve a correct set of group velocitiesif he wants these tones to start cleanly!

Now we can understand why the modern short trumpet does not necessarily have an advantage over its longer
ancestor. Itsshortness does giveit aninitial advantage, but evenin itsvalveless form wefind it more difficult to find
abore shape that simultaneously reconciles the group and wave velocity requirements over its playing range thanis
the case for the long instrument playing the same notes. The chief reasonisthat it becomes easier to reconcile our
twin requirements for the higher membersin the series of natural frequencies belonging to a given trumpet. Itishere
the longer trumpet gets the advantage for notesin the treble clef and above. Furthermore the presence of sharp jogs
in the valves and sharp reversals of the bore (even when the cross section is maintained) produces troublesome early
echoes in the modern valve trumpet to the extent that individual members of the tribe may or may not surpass
individual members of the older group.

Mahillon in Retrospect

Now that afairly thorough outline of our present-day knowledge of the basic acoustics of the trumpet has been
presented, we are in a position to consider retrospectively one of the leading figuresin the nineteenth-century
devel opment of brass instruments, Victor Mahillon, whose book, Eléments d'acoustique musicale et instrumental e,
has been very influential. To begin with, we must remember that Mahillon was an extremely skilled craftsman,
possessed of wide experience, great ingenuity, and aperceptive ear. He did not have an extensive formal scientific
training but was eager to use whatever scientific knowledge that was available to him in the furtherance of his goal,
the improvement of musical instruments. What we must understand, however, isthat the established body of
science available to Mahillon could not help him much beyond providing guidelines and suggesting the methods of
systematic research. Mahillon presents an admirably clear description of the nature of standing wavesin a
cylindrical tube that is open at both ends and for a pipe closed at one end. He points out that the flute plays at
frequencies that are related to the resonances of the doubly open pipe and that the reed instruments and brasses run
at or near the frequencies characteristic of the pipe stopped at one end. Referenceto Fig. 5ashowsthat for a
cylindrical pipe these frequencies favored for collaboration with the lips form the odd members of a harmonic series.
In other words the musical interval from the first to the second regime of oscillation of acylindrical pipeisamusical
twelfth. Furthermore the interval from the second to the third regime of oscillation isamajor sixth. Clarinetists are
completely familiar with this pattern of behavior, and the brass player can observe the same pattern in amoment if he
will play on alength of cylindrical pipe (be sure not to use amouthpiece).

Mahillon was obviously aware of the fact that enlarging the upper (mouthpiece) end of a stopped-pipe wind
instrument lowers the frequency of the first resonance mode and stretches the musical interval between the playing
regimen, and that conversely a progressive enlargement of the lower half of the cylinder raises thefirst natural
frequency and compresses the musical interval between the successive playing regimes. While Mahillon does not
state these matters explicitly, the nature of the rules he gives for laying out the tone holes of a clarinet shows that he
has allowed for these effectsin areal clarinet. Every clarinet maker learns very early how to adjust the twelfth-
shrinking effect of the bore enlargement in the lower joint to compensate for the stretching effect of the necessarily
compromised register hole position.

Let usdigress for amoment to see the implications for brass instrument design of my remarks on the effect of
bore enlargements on acylinder. We have seen that the cylinder gives a series of odd harmonics for its sequence of
tones when played with a pressure-controlled lip reed. We might conceive of enlarging apipe at itslower end and
reducing its size at the mouthpiece end just the right amount that the original interval of atwelfth between the first
and second regimesis contracted to become an octave, with the interval between regimes two and three reduced from
asixth to afifth. Inother words, can we arrange aflaring air column such that when it is closed at the small end, its
natural frequencies form acomplete harmonic series? The answer isaqualified yes. Figure 5b showsthat the
addition of abell to acylindrical pipe (corresponding to an enlargement at the open end of an extended cylinder)
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produces changesin the desired direction. Figures 6 and 7 show that the further addition of a proper |ead-pipe and
mouthpiece will put all but the first resonance peak into aharmonic relation. Thefirst peak, however, remainslow by
about 30 percent. We have already seen that the instrument plays a harmonic series by ordinary meansfor al but the
pedal tone. We have also seen that the pedal note sustainsitself in adifferent way, but at afrequency that is exactly
where our idealized horn would put the first resonance peak.

Inthelight of the last paragraph, we can see why Mahillon was led (along with many people since) to treat the
trumpet as a doubly open cylinder when in acoustical fact it is amodified stopped pipe. In hisintroductory chapter
on brass instruments Mahillon speculated briefly on the nature of a suitable air column shape. Hewrote, "[1] have
the conviction that [the] proportionsfollow . . . ageometric curve whose form approaches that of a hyperbola."?
Thisisin fact an entirely correct surmise, since the hyperbolic shapeisthat of aBessel horn with aflare parameter
equal to unity. Mahillon thus clearly recognized the basic nature of anoncylindrical brassinstrument air column. He
did not comment on the apparent conflict in his discussion when he gives aformulafor the frequencies of abrass
instrument in terms of itslength; thisformulaisformally identical with that for adoubly open cylinder. In modern
notation it may be written,

fo=nc2lL+2D] n=1,23,...

Heref, isthe frequency of the n'th member of the harmonic series and c isthe speed of sound in freeair. The
length L is measured from the mouthpiece rim to a somewhat ill-defined point near the end of the bell where the
diameter isD. The shape of the formulatells us symbolically what he also said in words: the quantity 2D istaken to
be asort of 'open-end length correction’ for the bell. | must emphasize that the formulais based not on mathematical
physics but on the results of practical experience. Furthermore, it isimportant to understand that the relation of this
formulato the properties of adoubly open cylinder is purely metaphorical and has no visible connection with
Mahillon's undoubted understanding of the stopped air column of varying cross section. Nevertheless, despiteits
nonexistent mathematical basis, Mahillon's empirical formula has successfully guided instrument makers of several
generationsin their computations of horn lengths and the cal culation of valve crooks.

From astrictly utilitarian standpoint Mahillon's success has been of mixed benefit. It permits the easy
calculation of aworkable trumpet of conventional design, whichisto the good. However, if one takes the metaphor
literally, theimplied nature of the standing wave within the air column is not in accord with the truth and, hence, the
positions of the nodes and antinodes are incorrectly predicted. The reader will find diagrams of the actual standing
wave patternsin my recent article in Scientific American.’ On several occasions | have had dealings with craftsmen
and musicians who have been led astray by the metaphor (which unfortunately isto be found in many standard
books). The metaphor implies that trumpet pitches may be sharpened by making enlargements at either end of the air
column, an implication that has led to the considerable bewilderment of more than one instrument maker who finds
his expectations reversed when he makes changes of the mouthpiece or backbore.

Conclusion

We can summarize our present understanding of the acoustical aspects of the trumpet by saying that whatever
virtues an instrument may have depend ultimately on three things. First of all, it is necessary to adjust the air column
shape to locate input impedance peaks at frequencies that cooperate well in forming the various regimes of
oscillation. Secondly, the relative heights of the resonance peaks should be suitably arranged for ease of playing. It
is here that the role of the mouthpiece and backbore becomes particularly subtle. Finally, the air column hasto be
adjusted so that the initially returned echoes from the bell to the mouthpiece come back in good order, to ensure a
stable attack.

L ooking back over the history of the development of the trumpet, one can see a curious intertwining of the
activities of musicians, of instrument makers, and of scientists concerned with musical acoustics. Each has his prime
purposes and his particular skills; each ideally should have some appreciation and knowledge of the activities of the
others, not only in the direct furtherance of his own profession but also for the stimulation of his own broader
thinking. We have repeatedly seen how the significant advancesin any one of these three fields have in general
come from the labors of individuals who could combine amaster's skill in one area, solid competence in another, and
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at least astrong interest in the third. We must be grateful for the existence of such people, sensitive to hints that
come to them from many directions, who have the knowledge and temperament to attempt a synthesis that can
further their art.
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the history of the trumpet to be published by Batsford, London. For several reasons the planned book did not
materialize, though Art Benade sent his part to Tarr on June 8, 1973. W. T. Cardwell wasto have co-authored this
chapter, though the two parts were intended to be separate and identifiable. Sometimein the '80s Benade added
more headings and removed references to Cardwell as co-author.
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