March 27, 1965

Dear Mr. Alvarez:

I have been reading your proposal fa¥ ' X-raying'' the Egyptian pyramids
with a great deal of interest indeed. Perhaps, I should explain™k it

is not really within my competence to ) the physical problems involved
even though I am Director of the Applied Science Canter for Archaeology
{ASCA) here, but it does sound like a atraightfﬂfward problem with no
insurmountable difficulties and the objecti¥e is certainly well worth

the effort.

John Wilson may have told you that we here have been seeking the neces-
sary permits to begin a long-range excavation at the Dashur site, includ-
ing the Bent and the North pyramids. In February, in Egypt, I was able
to get this permit through all of the committees and up to the Minister
for signature, so it looks as though we will be able to begin work at the
site during the next winter season. Also, part of our plan in connection
with the excavation at Dashur, is to carry out various experiments with
new techniques in archaeology. This is a natural outgrowth of our
ASCA here ( the newsleffer is attached ). You may also know that there
are very considerable difficulties in working in Egypt at the present time.
My feeling is that if we can once begin systematic excavations of a major
site, in the region of Cairo, we will soon establish a congenial climate
for foreign operations there, and can gradually set up our laboratory

for experimental techniques at the site,

{
You may be ilaterssted to know that Dr, Fakhry is the one who has seen
this permit through many difficuities during the past three years, and




we will certainly rely upon him to clear the way for systematic archaeo-
logical research in Egypt.

At the moment there is nothing I can suggest except that we keep in touch
and when we get established at Dashur, I Bhould be very happy to assist
in your experiment in any way possible.

Most sincerely yours,

Froelich Rainey
Director

Dr. Luis W, Alvarez
Lewwrence Radiation Laboratory, University of California
Berkeley, California 94720

FGR/vg




UNIVERSITY OF CALIFORNIA

LAWRENCE RADIATION LABORATORY i
BERKELEY, CALIFORNIA 94720 March 10, 1965

Dr. Froelich Rainey
University Museum
University of Pennsylvania
Philadelphia, Pennsylvania

Dear Dr. Rainey:

I had a very interesting visit last week with Dr. John Wilson
of the Oriental Institute. I discussed with Dr. Wilson the proposal, a
copy of which accompanies this letter. Since I am an alumnus of the
University of Chicago Dr. Wilson was familiar with my work in physics,
and we were able to discuss the matter in a quite open fashion.

I don't want to try to summarize Dr. Wilson's reaction to my
proposal to "x-ray the pyramids", but from an entirely subjective point
of view, I was exceedingly pleased by the way he reacted. He said that
he would talk with Dr. Ahmed Fakhry in a month or two, when the two of
them will meet in Cairo at a meeting of the "Save the Monuments Committee".
He gave me your name, and suggested that I send you a copy of my proposal,
for your information. He reminded me that you had played an important
role in the archeological community, in helping to establish the validity
and usefulness of Bill Libby's Carbon Dating Technique.

I will be very pleased to receive any comments or suggestions
you might have relative to this proposal. I have of course dispatched a
copy to my old friend, Bill Libby, and I am looking forward to receiving
his comments.

Very sincerely yours,
v (e
Inis W. Alvarez v

LWA :am
encl.
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I. Introduction

| The purpose of this proposal is to show that by the use of modern
physical methods, it is possibie to examine the interiqrs of the tﬁree large
pyramids,  in search for presently unknown chambers. _The'authbr can state
quite unequivocally, as a physicist, that if suéh chambers exist, they can ve
found by the methods described in this proposal. When he is discussing the
réasoﬁs for fhinking that such chambers migﬁt exist, he ié of course not

’
speaklng with any authorlty at all, and he begs the 1ndulgence of his archeo-
loglcal friends on those few occa31ons when he may appear to be injecting his
own ideas into what is properly an area for debate only‘by qualified experts.
The Egyptian pyramids are associated in the laj mind with the name

Cheops, the builder of the "Great Pyramld', in about 2600 B. C.: We shall be
primerily concerned, in this: ﬁroposal with three pyramlds' the Great Pyramid
of Cheops, and the pyramids built by his father and by his son. The "Bent
Pyramid" at Dahshur was built by Sneferu, tﬁe father of Cheops, and the "Second
Pyramid" was built by Chephren, the sbn of Cheops, adjacent to his father's
pyramid, at Gizeh. To a casual student of the pyramids, there is an enormous
difference in the presently known complicated internal strqcture of the two
earlier pyramids, as comparedhwith the apbarent internal simplicity of the
latest of the thrée (Chephren's pyramid). Figures 1, 2 and 3 sho; what is known
today of the systems of chambers and passages of the three pyramids.

Two contrasting ékplénations can be given for the Qualitative difference
observable in the three sets of plans. The one that is apparently faveored by
modern Egyptologists is that. Chephren, who was probably aware that his father's
pyramid waé robbed almost immediately after the burial ceremony, concluded that

his pyramid could not be made secure. He therefore abandoned the attempt to

mislead potential robbers, and had himself buried in a chmﬁberlcentrally located

s
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on the "ground floor" of his pyramid. This theory accdunts for all the known
facts, but it does not answer the question, "Why did Chephren expend the great
effort required to erect his pyramid if he‘did not believe that it would preserve
- his bodj for the future 1life?"
| An alterpative theory that has had many adherents among past genera-
tions‘of archeologists is that each of the £hree kings. encouraged his pyramid
architects to use all their ingenuity to misleéd future grave robbers iﬁto be-
‘lieving that someone had sacked the burial chamber before they arrived on the
scene, This would{ of céurse,,convince the robbers that it was useless to probe
lfﬁrther into the pyramid strucfﬁre,h One can use the presently known internal
structure df the Great Pyramid as evidence for, but certainly not proof of,

this second theory. The fact that the subterranean chamber of the Great Pyramid

was known to Herodotus in the fifth century B. €., but that the upper two chambers

were not discovered until the ninth century A. D., is consistent with the second
theory. " The passage.to the upper éhambers wés so well concealed that it was
oniy by accident that Ma'mun's tugnelérs found i1t in the ninth century; this

is again consistent with the deception hypotﬁesis.

| If one adopts.this hypothesis, then the apparent barrenness of the
Second Pyramid at Gizeh can be attributed to the greater success of Chephren's
architects in hiding their upper chambers from grave robbers. If one does not‘
adopt this hypothesis, then he should answer the following difficult guestion:
"Why would Chephren,héfter & boyhood spent watching his,father's slaves erecting
a beautiful and complex series of chambers and paésages in the Great Pyramid, be
content to erect a solid and uninteresting pile of limestone blocks as his own

pyramid?"
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As stated in the opening paragraph, the purpose of this proposal is
merely to point out that with modern techniques, one can probe the Second

Pyramid, and decide unambiguously whether or not therecis a presently unknown

‘burial chamber somewhere in the huge volume of the pyramid. If a chamber

were observed, its position would be located accurately enough so that tunnelers

‘could dig directly to it on the first attempt.

One could, alternatively, try the device first in the Great Pyramid, to
confirm that the detector would find the internal structure known to exist in

that pyramid. However, the physics and engineering aspects of fhe device are

.80 straightforward that such a preliminary test does not appear to be worth the

effort. The effort arises from the fact that the equipment must be set up in

the subterranean chamber of the pyramid béing probed. This chamber in the Second

Pyramid is now accessible, and free from debris, and it is not normally visited

by tourists. For these reasons, it is ideally suited for the first attempt at

- "{-raying" a pyramid. There is the additional incentive to probe the Second

Pyramid that stems from its complete absence of known structure above the ground
level.

. The subterranean chamber of the Great Pyramid is lsrgely filled with
rocks that were taken from a shaft excavated in the floor of the chamber by Col.
Howard Vyse and Perring in 1837. (Incidentally, Howard Vyse and Perring expended
a great deal of effort 1n digging and blasting a serles of shafts and tunnels in
the Great Pyramid, looklng for the ”true burial chamber" of CheoPS.) If the
exsmination,of the Second Pyramid were to reveal the prssence of a new Chamber,
one would certainly'proberthe Great Pyramid and the Bent Pyramid in a similar

fashion. Under these circumstances, one would be happy to expend the effort
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requifed'to clear Cheop's Subterranean Chamber of its accumqlated debris.
But until that time, we shall assume that we are planning to probe the in-
terior of the Second Pyramid.

Several criteria must be met before the "?yramid Project"” can be started.
First, of course, the project must have the official blessing of the United
Arab Republic. One of the réasons for writing this proposal in such detail
is so that Egyptian 'archeologists ﬁay have the opportunity to studyrit at their
‘leisure, and to confer with their colleagues in the field Qf cosmic ray in-
strumentation concerning the validity of the calculations. It is to be hoped
that if and when they are satisfied with the physical measurements aspects of
the project, they would recommend to President Nasser that the‘project be
supported.

The author has discussed the project in some detail with Dr. A. R.
_Fikry.Hassan, an Egyptian high energy physicist with experience at the CERN
laboratory in Geneva. Dr. Hassanxhas worked with spark chambers and electronic
data analysis, and he has expressed an interest in the project. He has recently
written that hé has heard from Dr. F. Bedewi, the Head of the Physiés Department,
Faculty ﬁf Science, Ein Shams University in Egypt. He says, "Dr. Bédewi
‘informed me that Ein Shams University would.fully cooperate with your Group
in carrying out your Project inside the Pyramid. Dr. Mﬁfty has not written
to me yet." l(Dr. E1l Mofty receivedlhis Ph.D. degree in Physics at the University
of California, for work performed at the Lawrence Radiation Laboratory, and
he is a member of the Atomic Energy Commission of the United Arab Republic.)

From what has been said above, it seems that ﬁnless some unforseen

difficulty arises, the project apparently appeals to competent Egyptian physicists

as an interesting one.

S
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The present document will alsé_be sentito‘a number of American
archeologists, particularly to those who have access to independent Judgements
from high energy physicists on their own campuses. (For example, the Oriental
Institute and the Enrico Fermi Instifute'for‘Nuciear Studies are only a few
blocks apart at the University of Chicago.) If the project appéars worthwhile
to the archeological community, both Egyptian and American, then itris possible
that one of the philanthropic foundations might arrange to‘set up a cooperative
prbject_with participation by the University of California and an appropriate
It is to this end that this proposal

organization in the United Arab Republic.

is addressed. RS o 3 ; : ‘
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II. "X-raying" the,pyramids.

The English language has no simple . word or phrase to describe the
process we propose to employ in probing the interiors of the large pyramids.
Our use of the word X—raylin qﬁotes come closest to the mark, becausé the end
result of the program will be a photographic transﬁarency showing the known |
chambers and passages, and hqpefully, the presently unknown chambers this
proposal is designed to find. (In fact, the program will produce a pair of
stereo X-ray photographs, so that the éhamberé can Ee located in all three
dimensions.) If we constructed an exact scale model of fhe Bent PYramid,
according to figqre 1, and asked to have this quel X-rayed by a specialist
in industrial radiography, we would be presented with an almost exact duplicate
of the "X-ray photogfaphs” mentioned earlier in this paragraph. ‘In figure La;

" the industrial radiologist ﬁas placed a small "radioactive source" of X-rays
in the Lower Chamber of the model, and the X-ray film is placed so that it
touches the apex of the model pyramid. (We use the Bent Pyramia, rather than
the Seéond Pyramid in this example, because the latter has no known upper
chambers to shoﬁ on the X-ray film.) With this technigue, we can say that the
process of taking the photograph "projectﬁ", or "maps" the pyramid onto the
X-ray film. Just as there are’many‘ﬁays of.mapping the spheriéalhsurface of
the earth onto a plane surface (e.g. Mercator's projection and conical projection)
there are many ways ﬁo map the intgrior structure of a pyramid onto an X-ray
£ilm.

 To make a map or projection, we need three things: (1) a point from
which to project the "rays", (2) the object to be projected, and (3) the sur-

face on which to make the projection. We are fortunate in having point sources

- of X-rays available, so we can perform the "projection operation" illustrated

7
<z)
%)
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iﬁ figure kha. But we have no point sources of the very penetrating radiation

needed to probe the interior of a large limestone pyramid. For this reason, we

can't duplicate the projection of figure 4a, "on full scale'. The cosmic.
 radiation with which nature provides us appears to come with "equal brightness"

from all points in the sky. Such an "isotro;pic;1 radiation. can be used in &
mapping operatibn, but only if we measure the direétion of approach of each

cosmic ‘ray, és i is‘recoraed in the subterranean chamber of figure 4h, The
.projection operation is mathematically equivalent to that of figure ha,'but
‘the directions of all usefull rays are.reversed in the two examples.

The details of the cosmic ray detectors are described in sections IV

and V, and in more detail, in Appendix C. Section V also describes a modified

form of the mapping scheme shown in figure 4, that has the advantage of keeping

the map dimensions finite; the map generated in figure La extends almost to
infinity, if the wholg volume of the pyramid is té be recorded on the X-ray
. film.

For the present, we need only remember ﬁhat the cosmic ray detector
‘is located near the center of the ground level section of the Second Pyramid
(figure 3), and that it is capable Sf recording the ﬁzimuth and elevation
Engles'of approach of each recqrded cosmic‘ray. Fortunately, appropriately
located chambers are accessible ip:each of the three pyramids dis;ussed in’

the introductory section of this proposal.

4
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III. Properties of the cosmic radiation.

The "penetrating component" of the cosmic rays is now known to consist
of a stream of‘electrically charged particles of aurare‘variety - the mu mesons,
or muons as they have recently been rechristened. Energetic muons are born high
in the earth's atmosphere, as the result of coliisipns between still more

" and the nuclei of air atoms. (The origin

energetic "primary cosmic rays,’
of the primary cosmic'rays is of great cosmological dnterest, but it is a bit
.far.afield from pyramids, and so won't be discussed here.)

Muons lose energy by friction{ just as a rifle bullet does when it
bores its way into a fence post. Thellaws goverﬁing the raté at which a muon
loses energy are particularly simple; every time a muon penetrates one.metgr

i

of water, it loses 200 million electron volts (MeV) of energy. Therefore, if it

A )i
U;f. J

has 200 MeV to start with, it stops after penetrating one meter of water; a

physicist would say "A 200 MeV muon has & range of 1 meter of water." By the

" same token, a 2000 MeV muon has a range of ten meters of water. If a particular
muon is slowed down by passage through rock of density 3, its range will be

one third as great as.it would have been in water. Conversely, if we find a

muon that has a range of 10 meters of such rock, we know that it-originally

has three times as much energy as the .2000 MeV a muon needs to penetrate 10
meters of water. ;

Becaﬁsg of the simplicity of the laws relating enefgy and range of muons,

it is customary to express the range of a muon in "meters of water equivalent"
(m.w.e.). (For example, 100 meters of rock with a density of 2.5 has a "thickness"
of 250.m.w.e.) We then need only a single range-energy curve (figure 5) to

tell us all that is known about the penetration of muons into any material.

3,

e
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All muons of a particular energy have the same range (if it is measured in m.w.e.),
regardless of the densgity of the material into which they are ﬁenetrating. For
convenience in designing the pyramid experiment, scales of m.w;e. have been
added to figures 2 and 3. The Great Pyramid has a present day height of 137
meters. Since the density of_limestene is 2.66, the height of the pyramid, or
any other relevant distance through the core to be measured directly, without
recourse: ko caleulabion. | >

-In ﬁhe 1930's, soon after the Geiger counter had been developed into

a reliable detector of electrically charged particles,. physicists made the first

" good measurements of the relationship between cosmic ray intensity, and depth

underground, measured in m.w.e. The measurements were often made in the sloping
shaft of an abondoned mine. A "Geiger counter teiescope," sensitive only to
muons from within perhaps a 15 degree cone about the vertical direction;.was
placed on a mine car, so thas the whole apparatus could be moved easily from

one depth te another. Tﬁe result of several months of operation of such an
eﬁperiment was a curve like thaf shown in figure 6. (Df. S. A. Goudsmit a
distinguished physicist and amateur archeologist, once proposed making such
measurements in the pyramids.)

Figure 6 is called a range spectrum; or an intensity-depth curve, because
it tells how many cosmic ray muons penetrate at least as far as the indicated
depth. TUntil now, we have been treating cosmic rays as though they were a
downward stream of almost vertically directed muons. But‘in fact, we have
implicitly been selecting a vertically directed stream from the totality of
cosmic rays, by-the use of a "telescope” - an arrangement of Geiger couhters

that 1s sensitive only to muons arriving nearly parallel to its axis. As

long as we make our measurements with nothing but alr above the apparatus, we

TP
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find that we observe the same counting rate, no matter what direction our
"oounter telescope” is pointing. (This was suggested in the earlier discussion
concerning the mapping procedure.) Tt is furthermore true that the counting
rates in two identical "telescopes" - one pointing vertically and the other
inclined at any angle above the horizon, will be the same, not only when there
is nothing but air above them, but also when the same thickness of rock is
introduced into, and along the two "lines of sight"‘(Figure 7). It is this
fortunate aspect of the cosmiﬁ radiation that makes the pyramid project so easy
to investigate by mathematical methods. 'We need only a single curve (figure 6)
to tell us wﬁat counting rate to expect when "looking through" the pyramid in
any direction; it is sufficient to measure the thickness of rock in that
@irection, from the subterranean chamber to the surface of the pyrémid.
| A more mathematical description of the properties of cosmic rays will
be given in Appendix A. The brief summary given in this section should suffice
to show that: | |
i) Cosmic rays are able to penétrate rock thickness as great as those
encountered in the pyramids.
2) If the rock thickness is decreased (as for example; by creating a
hollow chamber in the ling of sight) the counting rate increases.
If the method is to be successful, two further crite?ia must be met:
3) The counting rate, in apparatus that can be placed in the subterranean
chamber,“musé be high enough to yield a "grainless" X-ray picture
in less than a year of operation. The effects of "statistical
fluctuations" in the cosmic ray counting rate will be dealt with
in Appendix B, and the conclusion.will be reached thét the fluctua-

tions will not be large enough to indicate the presence of non-

(a
&




LAWRENCE RADIATION LABORATORY « UNIVERSITY OF CAL!FORNIA MEMO NO. PAGE

PHYSICS NOTES . ' /O

SUBJECT i NAME

DATE

COMIC BRAY TELESCOFPES & ABSOLBELS

VERTIC AL
S01/C
COP Eave
cosmis
BAYS
W y
e [ L/ ESC o
! |
Sl K BLEVATION ANSLE LESS THAN
i [ % 4 e — 70

Two identical counter telescbpes pointing at different angles count the
same number of muons, independent of the angle, when they are in the open air.
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Identical couhter telescopes have same counting rate for equal thicknesses
of absorber (measured along line of sight) independent of elevation angle.
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existent chambers.

L) Random deflections of the cosmic ray muons as they pass through the
rock must be small enough to keep the images of the chambers from
being "washed out" on the X-ray plates. The random "scattering"
of muons is understood mathematically, and although it could give
trouble in the simplest kind of apparatus, the trouble is easily
eliminated in the proposed design. .

We can therefore conclude the non-mathematical sections of this proposal

by stating that there are no technical reasons why the proposed experiment would

not detect the chambers it is designed to find. .

4
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IV.. Cosmic fay detectors.

If we merely had to count cosmic ray muons in thé Subterranean Chamber,
Geiger cdunters would do the job admirably. But in order to reconstruct the
X—ray'pictqre of figure 4b, we must also measure the two angles that specify
the direction of arrival éf eacﬁ muon. The recently invented spark chamber does
this job so much better than Géiger counters. could possible do, that we shall
confine our attention from here on to spark chambers:alone. . |

The'simblest variety of spark chamber consists of two flat metal plates
spaced about a centimeter apart. When a muon penetrates the two plates, an
eleckronic cir¢uit suddenly applies a high voltage between the two plates. The
high foltage causes a spark to jump between the plafes, very nearly along the
trajectory of the muon. The spark can easily ‘be seen with the naked eye, and
it is customarily recorded by two cameras. The two éaméras look into the
narrow gap, with their optical axes at right angles to.each other,'so that
the true position of the spark can be locatea by "stereoscopic reprojection."”

Many millions of spark chamber photographs have been taken in the last
three,years, but the present day trend is toward bypassing the photographic
process altogether, and recording the coordinates of the spark directly on
magnétic tape. ©So instead of'sensing-the récording the light from each spark,
we plan to sense the electric current that flows, and record the signal electro-
magnetically. This proceudre bbvigtes the need for the time-consuming and
expensive use of technicians to measure and record the positions of millions
of individual sparks. |

The electrical and mechanical deslgns of the spark éhambers to be

employed in X-raying the pyramids are described in some detail in Appendix C.

Pl
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Of the various techniques presently available for eliminating photography, we
have chosen the "Nickel wire - Magnetostrictive readout." This ingenious method
has been developed within the past year at the Lawrence Radiation Laboratory,
‘by Dr. Victor Perez-Mendez and his co-workers. A detailed description of the
modus operandi of a Perez-Mendez spark chamber would be out of place in a
proposal of this sort. It should suffice to say that if a muon traverses two
such spark chambers (both of which are horizontallyfofiented, and spaced a
foot apart in the vertical or Z direction), the x and ﬁ coordinates of the
sparks in the two planes will automatically be recorded on magnetic tape. The'
accuracy of each coordinate measurement, (A:,,gp,) Xz, , ﬁ&;b) will be better
than one millimeter, so if the two horizontal_spark:chambers are spaced 12
inches apart, the desired angular informatioﬁ‘concefning the muon will have
errors less than threelmilliradians - quite small compared to other errors
we shall soon diséuss. | |

We shall digress for a moment to fhe subject of angular errors, because
it is important that we be aware of the magnitude of what might be called
"tolerable angular erroré." The three known "burial chambers" 'in the two
large pyramids are roughly the same size, and it is reasonable to expect that
any as yet undiscovered "true‘burial chambeQS" in either pyramid would not be
very much smaller than these known chambers. The three chambers of interest
are the King's aﬁd Queen's chambers of the Great Pyramid, and the.Subterranean
Chamber in the second Pyramid. ‘All three chambers are about 18 feet in height,
and 17 feet in widtﬁ, their lengths are 33 feet (K), 18 feet. (Q), and L6
feet (82). We shall therefore assume we are looking for a chamber that is

17 feet by 25 feet in floor area, and 18 feet high. We will furthermore

assume that this chamber is 300 feet from the subterranean chamber (in either

)
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pyramid). (The maximum distance containable within the Great Pyramid is about
600 Feet; the corresponding length is about 400 feet for the Second Pyramid. )

The angle subtended by the "standard chamber" at the muon detectors is therefore

assumed to be about 20 feet/300 feet, or 67 milliradians, or 3.8 degrees.

One would have serious reservations about attempting to prbbe the

pyramids with a detecting device whose ability to certify angles was poor compared

to this value of 67 milliradians. But on the other hand, one would not be

willing to ﬁay much to improve the angular uncertainty from 20 milliradians to
2 milliradians; with either of these small values, the unknown chamber could
be detected unambiguously.
| It is a simple matter to design the spark chember system so that out-
put data supplied to the magnetic tape recorder is accurate to a few milliradians.
This is true, if by accuracy, we mean the ability of the apparatus to record‘
the trajectory of the muon as it passed through the two spark chambers, within
the quoted angular limits. An additional angular error must now be investigated;

it can best be appreciated by asking the question, "How nearly true is it that

the muon we record in our spark chambers is still moving along the same straight

line that defined its trajectory as it passed through the burial chamber?"

Whenever electrically charged particles pass through matter, they suffer random

and normally small changes in direction. Such angular dispersions are calculsble

from what physicists call "Scattering Theory". The comparison ofrexperimental
scattering observations with theoretical predictions has been eﬁceedingly
fruitful‘- the atomic.nucleus was discovered by Rutherford in this manner, in
1911. |

The scattering of muons in rock is described by a particularly simple

mathematical equation that has been found experimentally to agree with the
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theory.  As long as the muon has enough energy to peﬁetrate at least a few

tens of meters of water equivalent, its path will. almost indistinguishable from
a straight line. But as the.muon-traverses its last few meters of water
equivalent, it scatters (on the average) through evertlarger angles. Let us
now remind ourselves that the muons we are most interested in are those which
would have stopped in the rock just above our spark chambers if no burial
chamber were present along the "line of sight". Theexistence of the void

in the rock allows these particlar muons to pass through the spark chambers,
-and gives us more couhts than we would otherwise have recorded from that
direction. We see, then, that all the "useful information"about the burial
chamber is carfied by muons that ére Jjust able to penetrate the spark chamber
system, and stop in the rock just below the detectors. Unfortunately these

are just the mesons that pass through the spark chambers with the greatest
angular scattering from their original direction through the pryamid and from
the burial chamber to the subterranean chamber. An optical analogy would be

a 55mm colored slide projector that was out of focus. We must therefore, seek
a way to "sharpen the focus" of our "muon projector system". We ha&e seen

that ﬁhe scattering difficulty arises from the fact that we are looking at

We therefore, cure the.difficulty

muons very near the "end of their range."

by measuring the trajectorieé of the muons several meters of water equivalent
before they end theirlrange. We could do this in principle by moving our

spark chambers into a newly excavated chamber some meters above the subterranean
chamber. If we made sure that the muons were still able to penetrate down

into the original subterranean chamber, we could use the angular information

we obtained "up above," with confidence that it represented the true:direction
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of the muon, before scattering in the undeflying rock'had changed that direction.

| Fortunately, the subterranean chambers in all threelpyramids;are high
enough that we needn't cut any.more holes in the pyramid. We place our spark
chambers near the roof of the subterrahean chamber, and stack iron bars between
these angle detecting devices and another éet of simple ordinéry detectors near
the floor level. The iron bars and the detector below simply éssure us that
any-muon whose direction we sense in the spark chambers has enough energy left
in it to penetrate the several feet of iron, and be counted.in the floor level
detection device. A physicist would say, ”Wé've 'hardened the beam' with the
iron absorber, so it's less subject to scattering erroré."

In the mathematical Appendix B, we shall calculate the "mean projected

scattering angle”, < © >, of a muon that has come from a burial chambef 18
feet tall, located 300 feet from the subterranean chamber. We shall also demand
that the muon be able to penetrate at least five feet.of iron after its direction

has been measured. The result will be that the mean projected scattering angle

is 33 milliradians, which is equivalent to saying that at 300 feet, the
"fuzziness of the image" of the chamber edges on the simulated X-ray picture
would correspond to a linear distance of 10 feet. This result means that there
should be no difficulty in observing an unkgown burial chamber, by looking at
the‘"X-ray photograﬁh." We would not have been much better off if the "spread"
had been 1 foot, but the project would not be worth talking about if this
number had turned out to be 100 feet. The scattering of muons in the rock
presented the only potential hazard to the theoretical success of the project.
As we have just noted, if the scattering had been worse by a single order of

magnitude (factor of 10), the pyramids could not have heen probed by any presently

known radiation.

)
(=4
=
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V. Operations and data analysis.
In the first two appendices, the basic parameters of the detection
apparatus have been discussed, one by one, and their values have been chosen
to opﬁimize the overall désigﬁ: Two square spark chambers, each seven feet on
a side, will be mounted horizontally, and spaced a foot apart. Under the
lower spark chamber will be a layef of iron about five feet thick, and.below
the iron will be a simple layer of scintillation counters. .The general layout
is éhown in figures 10 and 11. The detectors will be set up near the western
wall of the subterranean chamber in the second pyramid. If the image of an
unknown chamber ap?ears on the "X-ray photograph," és it should do in a month's
time, if the chamber exists, the detectdf will be moved about 35 feet eastward,

to the far wall of the same chamber. The angular displacement of the chamber

_image, caused by this detector displacement, will allow the elevation of the

new chamber above the subterranean chamber to be determined by a simple tri-
gonometric calculatioﬁ. |

All of the apparatus has been designed so that it can be carried through
the éntrance passages of the three pyramids of interest. The spark chambers
will have to be dismantled and reassembled inside the subterranean chamber.

The tape recorders can best be igstalled in‘a wooden hut near the entrance to
the pyramid, and connected to the detectors by cables which thread the passage
to the subterranean chamber.

After all the apparatus has been iﬁgtalled and checked out, the further
operations could be carried out by a single individual living in Bgypt. He
would verify that the equipment was working each day, and would hang a new
magnetic tape on the recorder. The inscribed tape would probably be duplicated
in Cairo, so the original wogld be available for analysis by our Egyptian

associates; the duplicate would be sent to Berkeley for similar processing. 2
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Many ways to display the data are available. The most meaningful would
be to print out the number of counts obtained in each "elementary unit of solid
angle," much like the "pressure map" printed by the weather bureau. In
Appéndix A, we have suggested that 1600 counts per element of 8.5 x 8.5 square
feet would be adequate to locate.a "standard burial chamber." The last digit
in this count is certainly of no significance, but the second digit, representing
the number of tens of‘counts is of some significance; we expect to have an
extra 160 éounts if we are looking through a "standard chamber.” The apparent
magnitude of the fluctuations can be increased by a simple operatlon; the
computer can subtract some constant number of counts from'each sample, or more

'.correctly, some number that varies smoothly from one direction to~another, 50
that the residual numberof counts is eéséntially constant over the whole "map"
of the pyramid. If is a simple matter to generate, by'the computer, the proper
number to be subtractéd, This number wquld be an analytic function of the
pyramid geometry and the cosmic ray spectrum. When it was subtrécted,from the
experimentally observed matrix of counts, the resulting matrix would be an

‘almost constant set of individual counts, with anlenhanced fractional increase
from the direction of an‘existing bdrial_chaﬁber.=

The data analysts in Berkeley:and C;iro would devote most of their
attention to the printed matrix of "differential counts," looking for small
regions in which sevefal,neighboring cells had statistically significant counts
over the "background." If such a region of interest showed up, it would be
a simple ﬁatter to‘ccnvert the matrix of numbers into‘a simulated X-ray photo-
graph. One would simply program the computer to display the matrix on its

cathode ray oscilloscope, and the display would be photographed'by a camera.
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Such procedures are common in the author's specialty of high energy physics.
The cathode ray oscilloscope spot would be proérammed to move over the whole
range of x and ¥y vartables (North-South and Fast-West), remaining at each spot
for a time proportional to the number of counts recorded from that direction
(minus the elowly varying baseline count). The result would hardly be dis-
tinguishable from the X-ray photograph of the model pyramid Qiscussed earlier,
except that its "eontrast" WOuld-be considefably enhanced; & smaller chamber
would show an amplified change in intensity relative'to that from neighboring
directions through the pyramid.

This is an appropriate place to discuss in more detall how one would
map the pyramid onto a flat photographic film. Iﬁ figure U4, the X-ray photo-

" if one wished

graph of the model pyramid would extend nearly "out to infinity,
te map regions of the pyramid down to the same altitude as the subterranean
chamber, which in the second pyramid is almost at ground level.l (This difficulty
with some kinds ofimaps is well known in the Mercater's Projection, where
the polar regione are greatly distorted, and the two poles are "plotted on
thermap at infinity.")

A simple way to map the interior volume of the pyramid onto a finite
area of photographic film is to adopt the following procedure: .calculate from
the angles of arrlval of a cosmic ray muon where that muon first penetrated
the rock surface of the pyramid; project that point of entry onto the base of
the pyramid, to give an x and y "base coordinate." Plot that ﬁarticular
count on the "X-ray film," at those two "base coordinates." From what has
just been said, it is ebvious that all counted muons will give rise to points

plotted within the square base contour of the pyramid. From the x and y coor-

dinates of the sparks in the two spark chambers, plus the stored equations

i SR A e e s
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of the four flat faces of the pyramid, the computer can calculate the "base
coordinates" for each muon in a few millionths of a second. The computer will
then immediately add one count to the number of counts previously stored at
that "base x and y address" in its memory.

For purposes of orientation, we need to know approximately how many
words in the computer memory are required to store all the information in the
simulated X-ray photograph. If we use our "resolution area" of 72 square feet
(8% foot siuare), we note that the base of the largest pyramid contains 8,300
such unit areas. A typical modern computer has 16,384 words in its "fast
memory," each word with 36 binary bits. According to Appendix A we wish to
store approximately 1600 counts in each memory location. If Wwe assume we
may allow that number to increase to 8,000, we still need only 13 of the 36 bits

5

in each word to accomodate that amount of storage, (21 = 8,192). From this we

.see that there is vastly,mdre storage capability in the computer than we can

possible use; we use less than one thifd of each word, and about one half of

'all the available words. There is, therefore, more than enough memory capacity

available to store the arithmetic program, the input and output routines,
and the display program for the cathode.ray oscilloscope.

A typical day at the computer-wouldlinvolve the following operations:
The operator would unpack the tape just arrived from Egypt, and would hang
it on a tape transport unit at the computer. He would at the same time hang

the "library tape," with its complete "memory dump" from the last day's computer
run. The library tape would then be "read into core," so that the state of the
memory on the previous day would be recréated, just as though no time had

elapsed between the previous. run and the present one. The program in the memory
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would "step the new tape forward," looking for coordinates of spark chamber
sparks - the “end of record" mark on the previous day's tape would have tﬁld
the computer that no more spark coordinates were avéilable, and that it was
time to "dump the memory" onto the library tape, and let some other user have
the computer. Now, with a new tape to read, a "start" instruction from the
operator will put the computer to digesting a new day's accumulation of data
on the direction of arrival of muons at the pyramid.-

It is probable that the operator would not be able to restrain his
curiosity, so he would ask for a print-out ©f the numbers in the memory '"bins."
It would take only a few minutes to print all the information available in the

'ﬁemory, so the operator would have a day by day record showing the growth of
any "suspicious enhancement" to a.statistically significant signal, as more
data arrived from Cairo, with the passage of time.

Until .now, it has been assumed that the spark chamber trays are oriented
hordzontaliy. Wils s westelnly bhe way ons would shish opersiing, Sub I Te
‘also likely that if no burial.chamber was found overhead, the'spark chambers
would be reoriented with their perpendicular axes pointing successively at
aboutlﬁoo from the horizon:along the 4 cardinal compass directions. The
effective detecting area of the spark-chambér system for muons coming in at
large angles to its perpendicular axis is greatly reduced from its geometrical
area. But by looking successively in five directions, with overlapping
coverage (Vertical plus N, .E, S and W at 500), the whole volume of the pyramid

can be probed.for unknown chambers in any possible location.

{7y
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Appendik A

Mathematical description of the penetrating cosmic rays.

Figure 6, the intensity depth curve, has been diséussed qualitatively in
section III. The intensity as plotted in figure 6 is more properly calied the
"integral flux," where the word "integral" comes from the fact that-at a particular
dépth,‘we plot the flux of particles with ranges from that depth all the way to
'infinity. The flux is defined as the number of particles crossing a square centimeter
per second, and pef'unit solid angle.

The curve in figure 6 is seen to be approximately straight, and certainly
gquite straight in the range of interest to pyramid probing. As long as the curvé can

be considergd to be straight, it can be approximated by the-power law
= Tren (SN
Jery = JR) (==
e
| K

where n is called the ”spectral'index.” We can assign RO the value of 300 m.w.e.,

since that is some sort of mean range of interest to a “pyramid prober," as can be

ascertained by inspection of figures 2 and 3. The index of the distribution in the
neighborhood of 300 m.w.e. is close to 2, and we shall assume it to be exactly 2 in |
the calculations to follow. |

We can now obtain a mathematical formula that closely approximates the E

integral flux in the interval of range given by 300 m.w.e. £ a factor of 2, i.e.

from 150 m.w.e. to 600 m.w.e. This expression'is obviously the first term in the

Taylor expansion about the point Ro = 300 m.w.e. From figure 6, we then have:
: L
B -5 {300 m.w.e.)
J (R) = 2.2 x 10 (———R (a-2)
2.0
J (R) = » (A-3)
RE ; :
B o B ' s -2 -1 -1 o
where R is in m.wre., and J(R) is in cm sec ster . %§E§\
s
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It is now important to note that if we decrease R by a small fraction (for
example 10 ©/0), the flux will increase by twice that fraction (for example 20 ©/0o).

This relationship comes from the definition of n:

_ =d log J _
M d log R - , (A-4)
Since 4 log J = 9%, and d log R = E% )
dJ = -2dR, |
£ ong | = | (A-5)

7] ¢

as noted in the example. The spectral index is fortunﬁtgly éreater than 1, so that a
given'fractional change in range (causéd by the presencé of a bufidl chamber) is turned
into a fractional intensity change that is twice\as large. If one were greedy, he
might wish for a larger index, to yield a highér‘"magnification factor." But if the
index were higher, fhe intensify at 300 m.w.e. would be less, and one would have fewer
counts in a given intervai of time; he would therefore be troubled with statistical
problems. -Fortunately, nature has provided us.with a cosmic ray spectrum that is
admirably suited to the job at hand, and it is idle‘to speculate on its improvement.

We shall now calculafe how large a sPark chamber we need to accumulate a
-statistically significant increase i£ the numﬁer of counts from‘the direction of a
suspected. "void," or chamber in thé otherwise solid rock. In the next appendix,
we assume that we are looking for a "standard chamber" with a size that is found thres
times in the two large pyramids. The "standard-chamber" has a fléor area-of 25 feet x
17 feet, and a height of 18 feet. We further assume that the chamber is physicall
300 feet from the cosmic ;ay detector. TFor s£atistical redundancy, we shall assume
that we are looking for six "sub-chamﬁers?" éach one being part of the main chamber,
and each having a floor area of 8.5 feet x 8.5 feet. The chance that any observed
inérease in intensity along a particular direction is due to a statistical fluctuation
is greatly decreased if we can say, "We have six independent indications that a chamber

exists in a particular direction, and each of these indications is larger than the

53
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statistical fluctuations we see in any other direction.” (The fact that we may be
looking diagonally through a burial chamber does not ihvalidate the'argument Just given-
the "signal" observed by the detecting device actually depends almost entirely on the
volume of rock missing from the solld pyramid, and scarcely at all on its distribution
in helght and floor area.)

We may now assume that we are looking at a series of "cells in solid angle,"
each subtended by an 8.5 foot'square at a distance of 3QO feet. The element in solid

*

angle is then

1

A_Q =H___’_g : s Bom 107 steradians. ‘ (A-6)

From equation (A-2) we find the integral flux at 300 m.W.e. to be

J(300) = 2.2 x 10~ e el ster"} (A-T)
In the solid angle given by (A-6), and assuming a detéctor'with an area of A cm?, we
have a counting rate given by

M

8 x 107" x 2.2 x 107 A counts/sec (A-8)

M

1

1.5 % 10-8 A counts/sec. ' | (A-9)

We must now determine the product of the area A and the observation time

€Ly that will yleld a statistically significant number of counts, N, from the small

element of solid angle defined by 1 sub-chamber. We first estimate the "magnitude

of the signal," from equation (A-5); we take the thickness of rock tﬁat the cosmic rays %
héve traversed to be 350 feet, and the height of the burial chamber to be 18 feet. é
Therefore AR/R = 18/350 = 5.1 °/o. Consequently, the inérease in counting rate
along this line will be aboutllO ©/o. If the expected number of muons in a counted
sample is 100, we expect a ”staﬁdard deviation" of 10 counts in a family of many such
counted samples. If we wish to be more and more sure that our observed "10 ©/o signal”l
is real, and not of statistical origin, we must accumulate a larger-sample of counts--

the standard deviation, expressed as a fraction of the total counts, is given by

]

r"_;
N
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Tables of the "Probability of occurance of deviations" shows the following

-

(A-10)

probability, /én/ , of finding a deviation larger than n standard deviations:

n . 3 Wl 5 ol g 7
}%V 2.7 x 107 ?

If we were unprotected by the redundancy of, the 6 "sub-chambers" and had

12

6x107 6x10°7 2x10 3 x 10

to be quite sure tﬁat an observed 10 ©/o increase in counting rate was due to a

real void, we might be tempted to make féh’ less than 19_8. But with the redundancy,
it seems perfectly safe to ask that n be only about 4, 50 ﬂév is one chance.in
16,000 for each sub-chamber. A closer look at the‘statistical problem shows that the
main gain in designing to look at "sub-chambers," is that we insist on having enough
spatial resolution to see the finite extent of the bgrial chamber--we actually don't

gain aﬁything significant in insurance against statistical fluctuation; the 6 times

larger number of counts for the complete chamber would reduce the standard deviation

by a factor of Y31 = 2.45. Therefore we would pass from 4 standard deviatioﬁs on
each of the six sub=chambers to 10 standard deviations fbr the chamber as a whole. ;
As one can see from the table, a 10 standard deviation effect c;n always be taken to 5

' E
be real; the probability against a statistical fluctuation is less than 1 in 10231 i

Now that we want our signal to be 4 times the standard deviation, we need i
42'= 16 times our original count of 100 per "element of solid angle." From this fact, !
and equation (A-9), we may now write _ | |
N = 1606: L.75 x_10'8 AT (A-11)
where T is the total time of observation (in seconds). The product AT is now

AE = 10 en® see. - (A-12)

If A is 1 square meter = th cm?, T = 107 sec = It months. If A =L square

meters, T = 1 month. This seems to be a good compromise; if we make A less than

=0
~'_'T

&:\
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i/5 square meter, the observation time is greater than a year, which appéars to be
going in the wrong direction. At the other extreme, if we try to shorten the observa-
tion time to one week, thé counter area becomes larger than the "resolution area,"
which we have chosen to be a square 8.5 feet om a side. We therefore see reasons
against making A too large or too small, and a reasonable compromise seems to be to
use a pair of square spark chambers each about 2 meters on a side.

We are most fortunate that the intensity of the naturally occurring cosmic
rays fit our needs so well. A two order of magnitude decreaée (factor of 100) ini
intensity at 300 maw.é. would have made the experiment quite impossible, and a one

order of magnitude decrease (factor of 10) would have made it exceedingly difficult.

Appendix B.

Mathematical analysis of the scattering problem.
Before attacking the problem of the "multiple scattering" of muons in the

pyramidal limestone, it will be profitable to understand in a bit more detail the

"signal" modulated onto the cosmic ray beam 5y the presence bf a burial chamber.
Figure 8 shows.a portion of the intensity-depth curve (figure 6), plotted on linear
graph paper, as distinguiéhed from the log;log paper employéd in the original figure.
Figure 8 shows that J(R) veries as R pear R, which we have defined in Appendix A
to be 300 m.w.e. We also check that ﬁlJ/J(RO) - O\ R/RO’ as demaﬁded by

- equation (A-5). - | _ l

We now assume a dgtector witﬁ an area of 1 cm?, subtending a solid angle

of 1 steradian, and a counting period of 1 second; under these conditions, every unit
of J (R) corresponds to a single muon. In the absence of a void, and assuming the
rock thickness to be Ro’ the pumber of muons passing through the spark chambers is
J(Ro)' With the void excavated, we count an additional number of muons equal to

Zﬁ J, the altitude of the shaded triangle. The muons with range less than RO -AR

e
SN
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middle class of muons either registers. in our detector, or is prevented from reaching

—

never reach the spark chambers, either with or without the void. _Ihe muons with range .
greater than RO always pass through the spark chambers, with or without the void.

The analysis just presented shows that we can divide the muon flux into
three components: one we never see because its range is always too short; the third
we always see, regardless of the existence of a void, so it can be considered to be a
background that tells us nothing about the internal stfucturé of the pyramid. The
it, depending on the existence of a burial chamber.l bnder such circumstahces, it is
useful to postulate that this flux of mﬁons originates in the void, and to treat it as
if it were a new flux superimposed on the constant background of muons with a range
greater than RO.

We can now inquire into the properties of this "new fiux" of muons, which
carries all the informafion concerniné thé void in the rock; We see immediately that
this component has a distribution in range in rock below the detector that is uniform
from zero to a distance equal to the height of the bﬁrial chamber. The tﬁo extremes
are the following: a) a muon witﬁ a range.just larger thaﬂ Ro would have missed the
detectof in the absence of the void, but a-véid of height ﬁ& R will'enddw the muon with

a range of gﬂ R beyond the detector. b) A muon with a rangée R - /A R will Just |

reach the detector if the void is present, and Consequently its extra range in the roeck
below the detector is zero. In the linéar approximation we are using, the range disfrij
bution of "new muons" in the rock below the detector is "flat" from zero to a value |
equal to the height of the void.

| We must now investigate the scattering of the "néw muons" in their passage
from the burial chamber to the detector. (One might think that the scattering should
be calculated from the surface ofrthe pyramid to the detector, but any Scétteringr

between the surface and the burial chamber is of no significance--the "geometry is

poor," so that as many muons "scatter in" as "scatter out," and we can take the flux

i
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of muons at the depth of the burial chamber to be the random "parent population."” In
addition to what has just been said, the scattering of these high energy muons is so
small as to be inconsequential.)

As was discussed in section IV, we shall reduce the scattering of the "new
muons", by  not allowing any of them to approach.closer than 11.5 m.w.e. to the end of
their range. In this appendix, we shall show that 11.5 ﬁ.w.e. (5 feet of iron) is a
reasonable émount of absorber to use as a "beam hardener," by calculating the mean
scattering angle as a function of "hardener thickness." | |

The "multiple scatteriné" of muons in passing through rock is a random
process, consisting of millions of small deflections, each of which adds to or subtracts
from the scattering angle already accumulated. The magnitude of such é sum of random
but inherently equdl deflections will increase as the square root of the thickness of
the rock; But as the muon approaches fhe end of its range, it becomes "softer," aﬁd
the individual scattering events cannot be treated as "inherently equal;" each
succeeding scattering event becomes larger as the muﬁn approaches the end of its range,
so the mean‘angle increases faster than the square root of the thickness of rock.

The basic formula applicable to the multiple scattering of muons is the

following:

B /g.mé’V. Z. '
<9>#0J. e (Mev) L (AD) - T ()

<<Q>proj is the mean scattering angle (in radians) projectedlénto a single coordinate
axis. E is the energy of the muon, measurgd in millioné of elegtronlvolts. L is the
thickness of a thin "slab". of material, so the muon energy can Be considered to be
constant as it traverses the slab. L (rad) is the "radiation length" of the material.

For limestone_(CaCOB), L(rad) = 0,26 m.w.e.

7
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From the published range-energy curves for muonsl, we find thatlit is suf-
~ Ticiently accuraté: to use the expression:
E(MeV) = 200 R (m.w.e.) (3-2)
which was intrc&uced in section III. If we measure all distances, X , in m.w.e.,
we may meke the following substitutions into equation (B-1):

E

1]

200 X
Ax

L(rad) = 0.26

L

Furthermore, since both E and 15 MeV are in the same units, we can ignore the
dimensions, MeV. Finally, we can square both sides of the eQuation, preparatory to

integration
Fal

<9z;/ﬂé£-= 2,16 % 107° T ' ()
Equation (B-3) gives the mean square projecfed angle of scattering of a muon
with range 2 , when it traverses a thin slab of thickness zf}l&. If we wish to
find the scattering of a2 muon in a thick absorbgr, we must integrate (B-3) between

the limits Ji/, and )in, the residual ranges the muon has when it enters and

X'Lgl)l
2.16 x 1.0“2/ = (B-1)

{

leaves the thick absorber. Thus,

L,

———————

Y A |
0. 147 \/1/ X, (B-5)

We shall now evaluate equation (B-5), numerically, assuming X, to be
equal to 200 m.w.e. (Within the accuracy of the experimentally available numbers, we

might as well have taken 2:2' to be infinite; this confirms the earlier statements

1 A. Buhler, T. Massam, Th. Muller and A. Zichichi. Range Measurements for muons in

the GeV (lO3 MeV) Region, CERN preprint 64-31 NP Division, 24, June 196L.

7

“3)




~ LAWRENCE RADIATION LABORATORY - UNIVERSITY OF CALIFORNIA NFD MEMO NO. RAGE
PHYSICS NOTES Shk =
' N AM &
SRR : ; Tuis W. Alvarez

DATE

March 1, 1965

that the scattering contributed by the energetic muons is quite negligible).
Figure 9 is the result of the numerical evaluation of equation (B-5);

5% shows <6> .

examples, we see that a muon whose direction of travel is measured while it still has

as a function of ,Z) » the residual range of a muon. As numerical

a residual range of 22 m.w.e., can be expected fo show its original direction to within
© a mean uncertainty of 30 milliradians. If we didn't measure ité direction until it
had only 1 m.w.e. of residual range; the measured angle would depart from the original
direction by an average éngle of 143 milliradians, o; gig degrées. The mérked effect
of the 5 feet of iron absorber is easily seen in figure 9. The somewhat unexpected
' effect‘of the chamber height in hardening the muonsAcan also be seen. If the burial
chamber beinglpostulated were only 1 m.w.e. in heightl(rather than 1L.5 ‘m,w.e), the
value of <t9>f° in.the presence of ‘ghe iron hardener would be 40 mr., rather than
35 mr. PBut in the absence of the iron hardener, the values of <:C£%b for high and

low chambers would differ by about a factor of two.

There is no way to determine the optimum value for the thickness of the

iron hardener. The'valug of <ﬁ9;&9 would drop from 33 tg 25 mr., if the iron thickness
was doubled to 10 feet. This does not appear io be a wqrthwhile return on the invested |
iron. One would probably start. the measurements with one or two feet of iron under ;
the spark chambers, and gradually pile in more iron, until the thicknéss was five or |
six feet.

One might suppose that a giventhickness of lead would be more effective in

reducing scattering, than is the proposed iron. But in fact, the two materials are
almost equally effective; the inéreased.density of lead just makes up.for an effect
we have so far been able to overlook in the present analysis--elements of higher
atomic weight are slightly less effeétive absorbers, on a m.w.e. basis, than are

lighter elements.
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Appendix C.

Mechanical and electronic design studies, and cost estimates.

The main body of this appendix is a paper prepared by two members of the
Physics Instrumentation Group at the Lawrence Radiation Laboratory, Dick A. Mack, and
Fred Kirsten. The author is vefy grateful to them for their comprehensive and
authoritative estimate of the cost of mounting the exferimental programioutlined in
thisrpréposal. Their costs were estimated on the assumption that considerably larger
spark éhambers were to be used--5 meters on a side rather thén the 2 meter design that
lfinally emerged from the main study. An examination of the detailed cost figures does
not show that very substantial savings résult from the change in size. The chamber
costs are reduced by about 4,000, and the scintillator costs are reduced by §15,000.
All other costs are unéhanged. The total savings are thus about 10 O/o of the
estimated cost, which is less than the "20 9/o Cortingency" of #27,400, and the "15 %/0
Miscelleneous Ttems" of $20,5OQ. We shall therefore quote the estimated cost, under
the following assumptions, to be $170,000.

The cost estimates of Mack and Kirstén were based on the assumption that
the equipment was desiéﬁed and fabricated in the (non-profit) shops of the Lawrence

Radiation Laboratory. Since most of the mechanical and electronic devices are standard

laboratory "off-the-shelf items", the estimates are certainly realistiec. Similar

[

equipment is available commeréially from e number of suppliers, so the commercial

prices have been kept éompetitive with those of the laboratory.
An alternative method of cost estimation can be contemplated,if for some i

reason, the Atomic Energy Commission might authorize the Lawrence Radiation Laboratory

to lend the (standard) electronic equipment to‘the "Pyramid Project". Such loans

have been authorized in the past, when the'receiving agency has been a Government-

supported university project, with interests paralleling those of the Iawrence

Radiation Laboratory. (Such university loans are of course not restricted to the

-y

University of California.) In the event that such a loan program might be jmp]ewczjh§§;
19N |

the estimated cost of the program wculd drop below £100,000. \2§

nnnnnn




¥ o October 6, 1964

MEMCRANDUM

TO: L., W, Alvarez
FROM: Dick A, Mack and Fred Kirsten

RE: Cost Estimate for Pyramid Spark Chamber and Electronics

Based on the discussions we have had, the following estimates the
cost of a spark-chamber array and the associated pulsing and readout circuits
to be used in your proposed experiment in Egypt. [Each part of the system
is based upon known experimental techniques which have been used at this
Laboratory. We believe the extrapolations that have been made for the larger
chambers and scintillation counters are entirely feasible, A block diagram is
shown in Fig. 1. ,

It is assumed that the equipment would operate around the clock for
approximately a year, and that once a day local personnel would change magnetic
tapes and make routine operational checks. All electronie circuits would
be constructed in modular form so that the required maintenance and repair
skill would be a mimimum, One spare chassis or printed circuit.board has been
included for each function, If a spare unit is placed in service, the
original unit can presumably be returned sither to Cairo or Berkeley for
service,

All material, components and test equipment have been estimated at the
present net cost to the Laboratory. Labor charges have been estimated at
$12 per hour, Certain assumptions that have been made in the estimate are
given in the last paragraph.

The grand total is estimated to be $184,800
(THIs TOTAL 1€ REDUCED TOE )70, 000,
ON THE LBLHS/s ©F ZEDUczd ‘ v
CHAMBEL 5126 — L WA waz) Mﬂ L L
FEE 2819465 i A
Dieck A. Mack
Physics Instrumentation Group

Fred Kirsten
Physies Instrumentation -
Systems Group

DAM:mt



A,  SPARK-CHAMBER CONSTRUCTION

It is proposed that the spark-chamber array consist of two chambers each
capable of yielding both the X and Y coordinate position for each spark, The
construction must lend itself to rapid assembly and disassembly in the field,
(Auxiliary electronic circuits will ignore events where a) each chamber does
not fire or b) more than one spark occurs in a chamber,)

The best chamber construction appears to be that of using etched (or if
necessary milled) copper strips on long mylar sheets, as described by Victor
Perez-Mendez and others, This method of construction for a large demountable
chamber is less fragile and appears preferable to a chamber with wires strung
from suﬁports. |
_ Rectangular coordinates for each spark could be obtained by running the
etched wires at the top and bottom of the chamber transversé to each other.
This method has been described by Neumsnn fbr stretched wire chambers, See
Fig, 2. |

‘Several methods of readout might be employed:
1. A memory core attached to each chamber wire and subsequently
scanned in a coincident-current readout System, or
2. Coded arrays of cores yielding the spark address with a smaller
amount of seanning required than: required in (1), or
3. A magnetostrictive wire transverse to each set of chamber wires and
glving. . a single-coordinate address for each spark.
- Method 3, first described by Gianelli and refinéd by Perez-Mbndez, appears
to offer the simplest system and is recommendedifor this set-up.
For two 5 x 5 meter, etched-wire chambers the construction costs have been

estimated as follows:

Master etching template - . ' $ 500
* Etching costs ($50 for a 1,5!' x 1.5 sheet)‘ 24,00
# Copper-clad mylar cost ($3/ft2) 3300

Material cost for chamber frames _ 200
5 Magnetostrictive readout transducers and high-voltage 300

connectors

Design time of chambers ' ‘ 2000
* Machining and assembly costs for 2 demountable chambers - - 2000

" each 5 x 5 meters
$10,700

!

For chambers of different dimensions these costs ecan be pro-rated.
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B,  SCINTILLATION COUNTER CONSTRUCTION

It is proposed that two scintillation counters be employed to encompass the
same solid angle as subtended by the spark chamber array and used to trigger

the spark=-chamber pulser.

COSTS:
Pilot'. Y Seintillator .
* 1) 5 x 5 meters x 0,625 cm thick ($125 for 1 x 4 feet x 1/4")

# 2) 5 x 5 meters x 0,625 cm thick plus 4 sections 2 x 5 meters
around edges of iron shield.

2 10.8 ft.2

2
m

Total of 90 m - $31.25/0° $30, 400

# Machining edges of scintillator (assume 1 x 4! $ 4,400
sheets require 1,5 hours machining each)
# Gluing scintillator to make 5 m long strips $ 900

: 'Light proofing to be done with aluminum foil and
black cardboard at site -- - $35,700

*For scintillators of different dimensions these costs can be pro-rated, -

)
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ELECTRONICS EQUIPMENT

1. Spark-chamber pulser and power supplies,

The Spark Chamber pulsers can be triggered with a scintillation-
counter coilncidence circuit, see Fig. 1. The following standard units

(including spares) are recommended for this use:

18 Phototubes and shields : $44,00
18 Phototube bases . 3600
4 Pulse OR Circuits : 800
2 Pulse AND Circuits ‘ 300
2 Spark-chamber trigger amplifiers ' 6400
3 Spark-chamber distribution boxes - ' 1800
2 High—voltage power supplies for spark chembers . 800
2 C(Clearing field power supplies 400
2 High-voltage power supplies for phototubes 1200
- 2 Phototube voltage - divider panels 500
2 Bins and power supplies for fast electronies 1000
Assembly and checkout time for pulser and _ 4000

coincidence system, $25,260

2.  Spark-chamber Read-out Equipment = per Fred Kirsten

To record the coordinates of each event it is proposed that the
magnetostrictive readout signals be used to gate time-interval scalers.
The spark-chamber trigger signal would gate on each of four scalers
with a capacity of 1024 counts, The magnetostrictive readout would
gate each scaler off at a time corresponding to the position of the
spark in that chamber, For a time base the scalers would count from

a 1-Me clock oscillator.

The followling readout logic ecircuits (including spares) would
be required:

Amplifier and diseriminator cireuits #1400
4 Scales of 1024 ‘ 1700
Tape transport control ecircuits : 1400
Spare boards ' 3000
Test routine equipment ‘ 2300
Power supplies 1200
2 Incremental magnetic tape transports with 12,000

drive electronlcs.

Engineering design and checkout of individual .  .7500 i
chassis - $30,500 %fg%?




ELECTRONICS EQUIPMENT (Continued)

3. Magnetic Tape

It is estimated that in the most compact data format, one 2500 ft,
reel of tape would be required:per day., At $25/reel, tape costs for

200 day's operation would be -- : ~ $5000

(The tape is, of course, reusable as soon as the raw aui: 45000
data have been read into a computer,)
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D. ELECTRIC POWER AND LINE REGULATORS

Adequate power with sufficiently good regulation may be available at
the site. However, for this estimate it is assumed that we would have to
generate our own power. A diesel generator with an output of 10 kVA,
115/230 volts, i phase, 60 cycle with + 10% load regulation should be adequate,
Paul Breitenbach supplied the following figures:

Diesel-generator 5 kVA $1200
10 kvA 1800
15 kVA 2600
30 kVA 5000

$1800

Operating costs including fuel, maintenance and depreciation § .054/kWh,

This assumes fuel costs $.50/gal., the usage is 0,1 gal/kWh, end
depreciation is 20%/year.
= For 1 year's operation at an average power consumption of
5 kVA, the power cost is --- $ 500
A 5 kVA line voltage regulator is essential for the correct
operation of the electronics equipment; a second unit would be
used for standby operation,
Stablline line voltage regulators with protection and
control circuits, $3200 each === ' $6400,
Cabling, coaxial and power -- | ‘ $2000
' $10,700

(7o




E. TEST EQUIPMENT, TOOLS, SPARE PARTS

13 It 1s recommended that the following test equipment be assigned
to the experiment:

1l - 30-Mc bandwidth oscilloscope with 2 plug-in amplifiers,
high voltage and low voltage probes,

High impedance voltmeters with HV probes,

Volt-ohm milliammeters.,

Pulse generator. ' . Total $3600
Radioactive source for checking scintillation counters.- Borrowed

e SIE N
(R

2, It 1s recommended that the folloﬁing amount be included
for hand tools, electric drills and associated equipment - $ 300 ..

3. It i1s recommended that some spare electronic components
- (e.g., transistors and tubes) be included for repair
of chassis in Egypt —-—-- $ 500

$4400

F. TESTING

It is recommended that the entire spark-chamber, scintillation counter and
electronics array be first checked out at LRL and then be field tested at an
underground location nearby. It is estimated that 12 man weeks of time would

be required for these tests. £6000

G. SETUP AND INITIAL OPERATION

It is recommended that one man from LRL go,to the site to assist in un-
packing, assembly and early operation. A maximum of three months has been

estimated for this period. - . #8700

)




H. EXCEPTTONS
The following items have not been included in this estimate and are assumed
to be covered eléewhere:
B [ Transportaﬁion of equipment and personnel to site.
2. Packing and insurance for equipment.
5. Any procurement costs of equipment and components.
L. Storage and equipment operating hut.
5. Iron shield in spark-chamber array.
6. Air-conditioning for equipment.
7. Electric lights at site; however, 5 kVA of power is available for
this purpose.
8. Cas.supplies for spark chambers.
9. Frésh—air supply in spark chamber area. .

. 10.  Operating personnel at site beyond one electronics mean for 3 months

to supervise unpacking, assembly, and initial checkout of equipment.

202/0 Contingency . 27, koo
157 /o Miscellaneous items 20,500

GRAND TOTAL ==cs-cacee-a=s $184,800
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