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Abstract

This essay shows how the properties of quarks and gluons
can be used (in principle) to perform computation at the
femtometer (i.e. 10" meter) scale.

1. Introduction

I've been thinking on and off for two decades abthé
possibility of a femtotech. Now that nanotech isllwe
established, and well funded, | feel that the timeght to
start thinking about the possibility of a femtotech

You may ask, “What about picotech?” (i.e. technygleqg
the picometer (1& m) scale). The simple answer to this
guestion is that nature provides nothing at themeter
scale. An atom is about TOm in size. The next smallest
thing in nature is the nucleus which is about 100,0mes
smaller, i.e. of 18° m in size, i.e. a femtometer, or a



“fermi.” A nucleus is composed of protons and nensr
(i.e. “nucleons”), which we now know are composdédo
guarks, which are bound (“glued”) together by messl
(photon-like) particles called “gluons.”

Hence if one wanted to start thinking about a (mssi
femtotech, one would probably need to start lookihgow
guarks and gluons behave, and see if these bebawight
be manipulated in such a way as to create a tesgyoi.e.
computation and engineering (i.e. building stuff).

In this essay, | concentrate on the computation, sctce
my background is in computer science. Before Itatar
ARCing (After Retirement Careering) | was a compute
science professor who gave himself zero chancesiting

a grant from conservative NSF or military fundemsthe
US to speculate on the possibilities of a femtot@&eht now
that I'm no longer a “wager”, I'm free to do whatike,
and can join the billion strong “army” of ARCers, fiursue
my own passions.

So | started studying QCD (Quantum Chromo Dynamics)
which is the mathematical physics theory of theorsdr
force, or as it is known in more modern terms, ‘tt@or
force”.

Since | have a computer science background, | kvbat
to look for when sniffing through QCD text books, lbe
able to map computer science concepts to QCD phemam



2. Bits and Logic Gates : the Heart of Computatio

If you want to compute at the femto level, how awydo
that? What would you need? To me, the essential
ingredients of (digital) computing are bits anditogates.

A bit is a two state system (e.g. voltage or naage, a
closed or open switch, etc) that can be switcheohfone
state to another. It is usual to represent ond@dd states
as “1” and the other as “0”, i.e. &mary digts. A logic
gate is a device that can take bits as input amedtlsir
states (i.e. their O or 1 values) to calculat®itgut.

The three most famous gates, are the NOT gateQte
gate, and the AND gate. The NOT gate switches@adl@,

and a 0 to a 1. An OR gate outputs a 1 if one aembits

two inputs is a 1, else outputs a 0. An AND gatgpois a 1
only if the first AND second inputs are both 1,eetsutputs
a 0.

There is a famous theorem in theoretical computiense,

that says that the set of 3 logic gates {NOT, OR[DA are

“computationally universal”, i.e. using them, yoancbuild

any Boolean logic gate to detect any Boolean esjwas
(e.g. (=X & Y)OR (W & 2)).

So if | can find a one to one mapping between tiRaeg)ic
gates and phenomena in QCD, | can compute anything
QCD. | would have a femtometer scale computatidratT
was the big prize | was after.



So, | set out to find phenomena in QCD that | comlap
bits and logic gates to. | was quickly rewardedwés a
case of “low hanging fruit.” | just happened to the first
person (as far as | know) wandering around the QCD
orchard with a very specific type of cherry pickingmind.

3. The Color Charge on the Quarks and the Gluons

There are 4 types of force in the physical worlaynt
weakest to strongest, they are — the gravitatitorak, the
weak nuclear force, the electromagnetic force, &ml
strong nuclear force. (Actually, their relative estgths
depend on the temperature at which these forcesAact
extreme temperatures (energies) which occurredgftet
the big bang and now at the LHC (Large Hadronlii)
in Geneva, their strengths converge to the samaeyal
phenomenon called “grand unification.”)

In the 60s and 70s physicists became aware that the
nucleons (the protons and the neutrons) consisted o
quarks, which have fractional electric charges. (e/g 1/3

or 2/3 of the charge of an electron), and a neve tgp
charge, called “color”. The electronic charge caméwo
types (positive and negative), which is somethioigrse

has known about for several centuries. The col@rgs
however comes in 3 types, “red” “blue” and “green.”

The electromagnetic force is “mediated” (conveyed)
between two electrical charges via the photon |dueicle
of light). A photon is emitted by one of the chaagnd is



absorbed by the other. This interaction createstinactive
or repulsive force between the electrical charges.

Something similar happens between quarks. The alguni/
of the photon is called a gluon. A quark emits aogl
which is then absorbed by another quark, and tteates
the interaction between the two quarks.

There is an essential difference between a photwhaa
gluon. The photon has no charge of its own, whegas
gluon does have a color charge, in fact, each gham?2
such charges. It is bi-charged, or bi-colored. Tisans
that gluons can interact with other gluons, formuoegplex
“glueballs.” I will not be using glueballs in thessay, but
they might play an important role in femtotech imet
future?!

Strictly speaking, there are more than 3 color gésar In
fact there are 6, namely red, blue, green, antiaat-blue,
and anti-green. A gluon (at least the type of gltioat |
will use in this essay) has one of the first thia®d one of
the second three. So there are 6 such bi-colongéuhg| a
red, anti-blue; a red, anti-green; a blue, antj-r@dlue,
anti-green; a green, anti-red; a green, anti-blaethis
essay | will use only the red, anti-blue and theebhnti-red
gluons, because (using Occam’s razor), they aréhatl|
need.

4, Colors are Conserved in Quark-Gluon Reactions



How does a gluon interact with a quark? What hagpen
Remarkably, when a gluon and a quark interactgtben
may change the quark’s color, and in such a waat, tthe
colors are conserved. For example, imagine a ra@dphie
gluon (which from now on will be abbreviated to Gu)
interacts with a blue colored quark (abbreviateanfmow
on to Qb). The gluon will cause the quark to charge
color from blue to red, i.e. in symbolic terms —

Gr,~b : @b Qr

In other words, the red, anti-blue gluon acts oa kiue
(color charged) quark, and converts it into a redlqf
charged) quark.

Note that before the interaction, there were 3gésra red,
an anti-blue (both on the gluon), and a blue (@gbark).
During the interaction, the anti-blue of the gluamd the
blue of the quark, cancel, leaving only a red, Whg now
the color (charge) of the outgoing quark. The wlare
conserved.

What would happen if a red, anti-blue gluon (Gr,~b)
interacted with a red quark Qr? Nothing. Such an
interaction is forbidden in nature, because thercoharges

in this case are not conserved (i.e. before therantion,
we have a red and an anti-blue charge on the ghmh,a
red on the quark. If the quark absorbed the gluod a
changed its color from red to blue, then the fioharge
would be just blue. But that doesn’t match theé@ds and 1



anti-blue charges” before the interaction. The klre not
conserved, so this interaction is QCD forbidden.

This color conservation operates with tb@ission of a
gluon as well. For example, a red quark Qr couldt amed,
anti-blue gluon (Gr,~b) and become a blue quark)(Qb
This emission can be represented as

QP Qb + Gr,~b

Note that the colors are conserved. The blue atebhre
cancel each other, leaving a red on both sidesorCol
conservation is one of the basic natural laws oDQC

Now, a gluon that is emitted by one quark can sodied
by another quark, rather like the way a photon ban
emitted and absorbed by two electrically chargedigias
(which is the basis of the study of quantum
electrodynamics, QED). By emitting and absorbingpgk,
two quarks can interact with each other and infbee@ach
other. | will make heavy use of this phenomenonwaks
soon become clear.

5. The “Aha Moment”
Probably some of you have already had an “aha mtimen

on how you might implement a femtotech based comgut
based only on what | have said above.



Once | had read about the color charges and glomssen
and absorption, | had my “aha moment”. | felt | Hadnd a
way to compute at the femtometer scale, using guarki
gluons, at least in principle. For difficulties fag the
practical engineering of these ideas, see towdelend of
this essay.

The aha moment gave me the following basic ideas.

a) Represent a bit by the color of a quark. A redfor
and a blue for 0. (I didn’t need to use green.)

b) To change the state (i.e. 1 to 0, or O to 1), chdahg
color of the quark from red to blue, or vice versa.

c) To change the color of a quark, use an appropyiatel
emitted gluon, i.e. one possessing the appropiiate
coloring.

d) To implement logic gates (and this was the creative
challenging part), use a sequence of gluon emission
and absorption (of the same gluon).

6. Mapping the Gates to Quark-Gluon Interactions

Before | get into the specifics of the mappingsiekd to
introduce a fictional didactic device that | call“quark
chamber”, i.e. a region of space (perhaps as sazala
nucleon), e.g. a sphere, in which a quark enteanhatend,
interacts (or fails to interact) and exits at tht@eo end.
Also entering or exiting the quark chamber is aogluln
the case of gluon emission, the gluon exits therlkqua



chamber. In the case of gluon absorption, the gkraers
the quark chamber and is absorbed within it.

NOT Gate

Fill the quark chamber with two gluons, i.e. a Grand a
Gb,~r. If a red quark Qr enters the quark chamibew;ll
not interact with the Gr,~b gluon, but will be cemnted to a
blue quark by absorption of a Gb,~r gluon, and exit the
guark chamber as a blue quark, according to tleeaotion

Gb,~r: Qr-> Qb

An ipso facto interaction will occur for a blue qgka
entering the quark chamber, according to the intena

Gr,~b : Qb—> Qr

We thus have a NOT gate. A red quark is converbed t
blue quark (1 to 0), and a blue quark is convetted red
guark (0 to 1). This is the definition of a NOT g@at

OR Gate

To implement an OR gate, is a bit more complicat&e.
need 2 quark chambers, A, B. Chamber A is a gluon
generating chamber. If a red quark enters chambarrAd,
anti-blue gluon Gr,~b emission is caused in thendjex
and the gluon then exits. (The resulting blue quisrk
ignored.)



If a blue quark enters chamber A, nothing happéits.
gluon exits the chamber.

We now have 4 cases to consider —

a) red(l), red(2):(i.e. a red quark(1l) enters chamber A,
and a second red quark(2) enters chamber B). Tte re
quark Qr(1) entering chamber A generates a Gr,tbmgl
that enters chamber B. This gluon has no effedherred
Qr(2) entering chamber B at the same time. TheQda&)
then passes out of chamber B unaffected. In otloedsy
the output quark from chamber B is red. Hencedfitiputs
are red(1) and red(2) the output quark is red.

b) red(1), blue(2):The red quark Qr(1) entering chamber
A generates a Gr,~b gluon that enters chamber B.blle
qguark Qb(2) that enters chamber B is converted teda
quark Qr(2) that then exits chamber B. In otherdsothe
output quark from chamber B is red. Hence if theuis are
red(1) and blue(2) the output quark is red.

c) blue(l), red(2): The blue quark Qb(1) entering
chamber A generates NO gluon, so no gluon enters
chamber B. The red quark Qr(2) that enters chardliben
exits unchanged. In other words, the output quaoknf
chamber B is red. Hence if the inputs are bluet) red(2)

the output quark is red.

d) blue(l), blue(2): The blue quark Qb(1l) entering
chamber A generates NO gluon, so no gluon enters
chamber B. The blue quark Qb(2) that enters charBoer
then exits chamber B unchanged. In other wordsptieut
qguark from chamber B is blue. Hence if the inputs a
blue(1) and blue(2) the output quark is blue.



Thus the specifications of an OR gate are satisfied
AND Gate

The AND gate is a bit more complicated still. Iintains 3
chambers, A, B, C. Chambers A and B both outputda r
qguark if the input is a red quark, and a blue,-gadi gluon
Gb,~r if the input is a blue quark. This time, el of
dealing with single events, think in terms of aeam of
input and output quarks. Chamber C has as inp@&, th
outputs of chambers A and B, as well as a fixedgeark
Qr(3) input, for reasons that will soon become rclea

We again have 4 cases to consider —

a) red(1), red(2):(i.e. red quarks(1l) enter chamber A, and
red quarks(2) enter chamber B). The red quarks)Cd
Qr(2) pass unchanged into chamber C, along witHixiee
red quarks Qr(3). There are only red quarks in d&anc,

so only red quarks can exit chamber C. In othermg/othe
output quarks from chamber C are red. Hence ifirtpats
are red(l) and red(2) the output quarks are redv(no
thinking in terms of streams of quarks).

b) red(1), blue(2){i.e. red quarks(1) enter chamber A, and
blue quarks(2) enter chamber B). The red quark$)@ss
unchanged into chamber C, along with the fixedqearks
Qr(3). The blue quarks Qb(2) that enter chamber B
generate blue, anti-red gluons Gb,~r which pas® int



chamber C. These gluons convert all the red quarks
chamber C to blue gluons, so that only blue quaks
from chamber C. Hence if the inputs are red(1) laind(2)
the output quarks are blue.

c) blue(l), red(2):(i.e. blue quarks(1) enter chamber A,
and red quarks(2) enter chamber B). The blue qual(g)
that enter chamber A generate blue, anti-red glUgins-r
which pass into chamber C. The red quarks Qr(2)dahter
chamber B pass unchanged into chamber C, alongtheth
fixed red quarks Qr(3). These gluons convert adl tad
guarks in chamber C to blue gluons, so that onlye bl
guarks exit from chamber C. Hence if the inputstdue (1)
and red(2) the output quarks are blue.

d) blue(l), blue(2):(i.e. blue quarks(1) enter chamber A,
and blue quarks(2) enter chamber B). The blue gu@ik(1)
and Qb(2) both generate blue, anti-red gluons Glhich
pass into chamber C. These gluons convert the fireld
guarks entering chamber C to blue gluons, so thigtldue
quarks exit from chamber C. Hence if the inputsidne (1)
and blue(2) the output quarks are blue.

Thus the specifications of an AND gate are satisfie
Now that all 3 gates have been mapped to quarkagluo

interactions in QCD, one has an “in principle” peifor
femtometer scale computation.

7. Engineering Challenges



However the practical engineering problems remain,
especially when considering something called “aspinp
freedom”, which says that quarks interact weaklyemwh
close together, but immensely strongly as they rsé¢pa
rather like a tough rubber band being stretched. Mbre it

is stretched, the greater the potential energy as. h
Similarly with the 3 quarks inside a nucleon.

A nucleon is stable (in the nucleus) because it3haisarks,
one is red, another blue, and the third green. 8Bexolors
“sum” to “white” (rather like a spinning color whieef
equally sized red, blue and green sectors), whgh i
analogous to the way an atom, with its positivaiarged
nucleus and its negatively charged electrons, som t
neutrality.

However, if one attempts to extract a quark frone th
nucleon, the gluons between the extracting quark the
other two quarks, behave in complex non linear ways
interacting with other gluons, to form a hugely @oful
resistance, until the potential energy is so giteatta quark,
anti-quark pair can be formed, which combine tarfca
pion (pi meson). (Mesons consist of 2 quarks,d.guark
and its anti-quark.) Hence it seems impossiblestbate a
quark (or a gluon). Experimentally, no quark oragithas
ever been isolated. Experimentalists have virtugileen up

trying.



Hence the implicit assumption in the above modespely
that isolated quarks and gluons are used, seenig/siopl
and unrealistic.

But, if the gluons and quarks are close togethbe t
“stretching rubber band” phenomenon does not occur.
There may be particles that contain more than 3kgu#he

so called “exotics”, which may have 3N quarks (iee.
multiple of 3 to maintain color neutrality (“whitess”) by
summing an equal number of red, blue, and greear col
charges.)

There may also be “glueballs” that consist onlygbfons
that interact in highly non linear and hence compiays.

Another possibility is to heat up the quark/gluamplex
so much that one obtains a quark-gluon “plasma.”aAt
critical temperature, after cooling the plasma,rigtgduon
“chains” may start forming, that may interact in ywa
similar to the way molecules interact within thdi,dee. by
complementary “lock and key” touching.

8. Conclusions

The above femtometer scale computation models iare “
principle” only. To make them practical will prodgb
require new thinking, to ensure that they are cdibjea
with the severe constraints imposed by the priesipbf
QCD, e.g. quark confinement and asymptotic freedom.



Hopefully, this essay will stimulate other researshto
enter this new research field of femtotech. Perhtdnes
“other side” of technology (i.e. the “building stukide, in
contrast with the computational side) can be imgeletad
with glueballs as well, or with quark/gluon “condares.”

One thing is clear. If humanity does not make arngpess
along the lines of femtotech, sooner or later, hutm@ings
(or our artificially intelligent successors) wilelscratching
at the “nanotech walls” that confine us.

One final comment -- I'm thinking of trying to cteaan
“attotech” (i.e. on the scale of T®meters) by using the
weak force particles (W and Z particles) that iateérnot
only with quarks, but with the much lighter leptofesg.
electrons, etc) as well.

Human technology has progressed from millitech, to
microtech, to (recently) nanotech, and this ess@ygpts to
start the thinking on femtotech (and attotech).

This downscaling trend provides a potential ansteethe
famous “Fermi paradox” (i.e. if intelligent life iso
commonplace in the universe, “where are they?”). If
intelligent creatures or machines can continue doafe
down” in their technologies, the answer to Fermgiestion
would become “They are all around us, whole ciatlians
living inside elementary particles, too small fos ®o
detect.”



