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contract between the United States Atomic Energy
Commission and Associated Universities, Inc. This, the
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Brookhaven National Laboratory is operated by Associated Universities, Inc. under contract
with the United States Atomic Energy Commission. Nine northeastern universities sponsor Associated
Universities, Inc. Two representatives from each university, one a principal administrative or corpo-
rate officer and the other a scienust, form the Board of Trustees of AUI In addition, the Board itself
selects three Trustees-at-Large. Their purpose is to insure adequate representation of any scientific
discipline in which the corporation may undertake work and to provide general flexibility in methods
of operation. The composition of the Board as of July 1957 is shown in the table below. The officers of
AUT are shown on the organization chart for the Laboratory (Figure 1). AUI has appointed five
visiting committees to Brookhaven National Laboratory to provide a continuing independent
evaluation of the research program. These committees cover the fields of biology, chemistry, engineer-
ing, medicine, and physics, and report annually to the Board of Trustees.
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Research Center and Medical Reactor.



Introduction

This annual report of Brookhaven National
Laboratory describes its program and activities
for the fiscal year 1957. The progress and trends
of the research program are presented along with
a description of the operational, service, and ad-
ministrative activities of the Laboratory. The sci-
entific and technical details of the many research
and development activities are covered more fully
in scientific and technical periodicals and in the
quarterly scientific progress reports and other spe-
cial reports of the Laboratory. (A list of all publi-
cations may be found in Appendix A, and the
record of publications since 1946 is shown in
Figure 2.)

In this introductory section may be found a gen-
eral summary of the Laboratory’s activities. More
detailed information is given in the following sec-
tions of this report.

PRESENT RESEARCH FACILITIES

As in previous years the Cosmotron, a 3-Bev pro-
ton synchrotron, and the research reactor continue
to support the major fraction of the research effort
at Brookhaven.

During the first seven months of this report pe-
riod the Cosmotron operated remarkably well. Cir-
culating beams of 10'! protons per pulse at ener-
gies up to 3 Bev were available. Indeed, it became
necessary to limit the running time of certain ex-
periments in order to keep personnel exposure to
radiation below prescribed levels. It was possible
to focus the external beam into an area of about
0.5-cm diameter. One interruption in this very
satisfactory operation occurred late in October be-
cause of the opening up of a bolt connection be-
tween copper strips in the main generator rotor.
Operation was resumed on November 5, and un-
usually high beam intensities were experienced
until late in January.

A break in the circuit of the main magnet coil
occurred on January 24, the second accident of
this kind. Unlike the previous one which occurred
on November 5, 1954, and was due to a water leak,
this failure was traced to a fracture at a right-angle
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bend near the end of one of the copper bars,
which apparently had been work-hardened by the
large mechanical stress at this point during each
pulse. All the bars and the vacuum chamber had
to be removed from the second quadrant, and six
months elapsed before repairs had been completed
and operation resumed.

During the repair of the coil, new “kicker” bars
to limit the motion of the coils to less than half
what it had been were placed on all four quad-
rants, as well as-new coil end clamps. These should
reduce the chance of future breaks of this kind if
internal damage has not progressed too far.

During the shutdown period, provision was
made for the emergence of a second external pro-
ton beam from the central beam port of the sec-
ond quadrant. This beam will be used for the pro-
duction of intense beams of high energy pions,
both positive and negative. The sand under the
Cosmotron floor was reinforced both inside and
outside the magnet so that it will support the addi-
tional heavy shielding required for adequate pro-
tection of personnel against radiation.

Interest in high energy physics experiments at
the Cosmotron has shown no sign of diminishing.
The demand for running time is greater than ever.
The additional shielding and the large amount of
experimental apparatus required have resulted in
a serious shortage of floor space in the vicinity of
the Cosmotron beams. Extension of the present
Cosmotron experimental area has therefore been
planned by an addition, approximately 100200
ft, that will be connected to the present structure.
Arrangements will be made to direct the Cosmo-
tron external beams to different points of the new
floor area. Switching the beams from one experi-
mental setup to another is expected to make pos-
sible more nearly continuous operation of the Cos-
motron and more effective use of running time.

The research value of bubble chambers has been
well established. The large hydrogen bubble
chamber now under construction should be ready
for use early in 1958. The installation of the new
hydrogen liquifier has been completed, and pro-




duction of hydrogen at the rate of 60 1/hr was
realized in October.

The Brookhaven research reactor operated very
satisfactorily throughout the year. Its in-pile and
beam facilities have been used in a variety of pro-
grams both by Brookhaven scientists and by
visiting scientists and engineers from other institu-
tions. Thirteen industrial companies, three uni-
versities, and one governmental agency have used
reactor space under various contractual arrange-
ments for their own research projects, carried out
by scientists from the respective institutions, dur-
ing this report period. Except for scheduled shut-
downs, the reactor has been operated continuously
at an average power level of 23 Mw. Fifteen neu-
tron spectrometers are now in almost continuous
use at different experimental stations - 8 by
Brookhaven, 4 by industries, 2 by universities, and
1 by a government laboratory.

In December 1956, approval was received from
the Atomic Energy Commission to replace the
natural uranium fuel elements with new enriched
fuel elements (>90% U?***). A central region con-
sisting of 35 channels in a cylindrical pattern was
reloaded with the new enriched elements between
December 21 and January 1. The thermal flux in
‘the central core attained a maximum of 1.2 10*?
neutrons/cm?, about double the former value.
However, the resonance flux as seen with the fast
chopper equipment had only half its previous
value in this central region. An interim adjust-
ment was made by reloading the most central re-
gion with fuel elements of even higher enrichment
and thus raising the resonance flux to about its
former value. These more highly enriched ele-
ments will be removed during later stages of re-
loading of the reactor, and ultimately identical
fuel elements will be used throughout. The second
step of the reloading will take place in September
1957, when about 120 additional central channels
will be reloaded with the new elements.

The increased thermal neutron flux due to the
reloading resulted in increased specific activities
in many of the exposed materials and equipment.
It therefore became necessary to extend the dura-
tion of the regularly scheduled shutdown periods
to include one additional day for “cooling off”
radioactive items before removal from the reactor.
In order to keep shutdown time to a minimum,
the former interval of 10 days between shutdowns
was extended to 14 days. The present schedule
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calls for shutdown on alternate Fridays at
12:01 A.M. and resumption of operation during
the late shift on the following Saturday.

Although the number of shipments of radio-
isotopes and other materials irradiated in the re-
actor increased somewhat over that for fiscal year
1956, the present rate is about 30 shipments per
week, the same as a year ago. Since 1951 over
64,000 shipments have been made to about 200
different customers. The shipments go to industries
(35%), hospitals (35%), universities (20%), and
government laboratories (10%). The Laboratory
also activates annually about 15,000 curies of Co®°
for use in special kilocurie gamma-ray sources. Up
to the present, the demand for these sources has
exceeded the Laboratory’s supply.

For the second successive year the 60-in. cyclo-
tron has had a good performance record. Two
shutdown periods of one week each, and one of
two weeks, were required for repairs. The inter-
ruptions were due to water leaks attributed either
to corrosion or to velocity erosion. The demand for
cyclotron time has been met by operating the
machine up to midnight two or three times a
week. External beams of protons, deuterons, and
alpha-particles have been available at energies of
about 10, 20, and 40 Mev, respectively.

The usefulness of the 18-in. cyclotron as a re-
search instrument has been greatly increased dur-
ing the past year. An examination of the magnetic
field during the summer of 1956 revealed serious
distortions. New pole tips and shims increased the
proton energy to 3.0 Mev, as compared with
2.5 Mev previously available. Stability of opera-
tion has resulted from improved frequency stabil-
ity in the rf system. The proton energy variation is
now only about £9 kev at 3 Mev. A focused ex-
ternal beam of 100 microamperes is available,
double that obtained previously.

Improved performance of the electrostatic gen-
erator was experienced following the installation
of a newly designed acceleration tube in the spring
of 1956. Operation for 1500 hr at proton energies
ranging up to 3.7 Mev suggests that this impro-
vised composite electrode tube developed here is
electrically more rugged than the gradient column
in which it is used - the first time in the history of
the development of the electrostatic accelerators
that this has been achieved. Sparking, however,
developed inside one of the support columns on
November 20. Attempts to eliminate it by scrap-
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Table |

Organizational Expenditures — Fiscal 1955, 1956, 1957
(Includes Operating, Services to Fixed Assets, and Work for Others.
Direct Costs of A.G.S. and Other Fixed Assets Are Not Included, see Table 3)

Salaries, Wages, Insurance

Man-Years
Consultants Material Sub-contracts Total %
& Temporary & & Special Miscellaneous Organizational of Scientific

Staff Employees Travel Supplies Procurements Power (Net) Costs Total (Incl. Guests) Others Total
Physics & Chemistry Rescarch 1957 2,118,366 121,136 62,664 690,781 58,805 60,355 — 3,107,107 21.6 196.0 164.0 360.0
1956 1,951,118 88,882 81,998 464,265 7,054 64,491 (13) 2,657,795 22.4 199.5 146.5 346.0
1955 1,734,418 74,767 53,330 338,452 ' 24,193 38,337 (753) 2,312,744 21.6 1815 1340 315.5
Biology, Medicine & Biophysics Research 1957 1,305,467 44,023 50,315 258,493 7,647 — (5,103) 1,660,842 115 925 1540 246.5
1956 1,125,070 38,319 40,884 213,772 8,214 — (15,626) 1,410,633 119 81.0 1495 230.5
1955 1,036,260 46,240 30,702 216,930 11,101 — (6,899) 1,334,334 125 85.5 1475 233.0
Nuclear Engineering Research 1957 1,178,375 26,320 47,742 390,294 1931,284 - — 2,574,015 17.8 825 1110 1935
1956 914,145 20,629 43,093 383,957 190,602 — (276) 1,552,150 13.1 715 825 160.0
1955 780,197 16,362 23,777 305,769 112,154 — (2,658) 1,235,601 11.5 675 71.0 138.5
Radiation Protection 1957 265,909 1,073 1,378 46,270 —_ - (8,514) 306,116 21, 100 37.0 47.0
1956 237,004 1,768 2,141 34,268 —_ - (14,358) 260,823 2.2 14.0 35.0 49.0
1955 220,567 1,201 947 41,532 — — (13,298) 250,949 2.4 135 325 46.0
Supporting Scientific & Technical Services 1957 1,766,212 10,277 15,405 274,860 e 496,884 (270,775) 2,292,863 159 215 263.5 291.0
1956 1,579,781 6,705 15,066 256,976 — 470,945 (244,127) 2,085,346 17.5 29.0 257.5 286.5
1955 1,485,085 8,298 8,236 239,298 — 427,389 (175,040) 1,993,266 18.6 31.0 255.5 286.5
Security & Plant Protection 1957 459,383 _— 762 10,171 - — 2,088 472,404 3.3 — 82.0 82.0
1956 448,685 — 392 10,541 — — (35) 459,583 3.9 —_ 86.0 86.0
1955 460,006 — 1,569 5,764 — —_ - 467,339 4.4 — 95.5 95.5

Miscellaneous (including Lighting, T & T, 1957 — — 431 132,780 — 195,640 572,920 901,771 5.7 — — —

Heating Fuels, Special Maintenance, etc.) 1956 — — 1,127 86,541 — 176,154 513,413 771,235 6.5 — - —

1955 — — 1,394 72,923 — 140,833 382,994 598,144 5.5 — — —
General and Administrative 1957 2,460,312 20,279 66,672 272,598 " 822 — (150,010) 2,670,673 18.5 5.0 4415 46.5
1956 2,222,434 10,798 58,524 243,278 —_ — (153,256) 2,381,778 20.1 5.5 4245 430.0
1955 2,027,971 7,520 57,133 262,029 — — (151,304) 2,203,349 20.6 5.0 406.5 4115
Laboratory Total 1957 9,554,024 223,108 245,369 2,076,247 993,558 752,879 140,606 13,985,791 97.0 413.5 1,253.0 1,666.5
1956 8,478,237 167,101 243,225 1,693,598 205,870 711,590 85,722 11,585,343 97.6 406.5 1,181.5 1,588.0
1955 7,744,504 154,388 177,088 1,532,697 147,448 606,559 33,042 10,395,726 97.1 384.0 1,1425 1,526.5

AUI Administration 1957 — — - — — — 150,000 150,000 1.0 — — —

1956 — — — — — — 150,000 150,000 1.3 — — —

1955 — — — — = — 161,400 161,400 1.5 — — —
Total AUI and BNL 1957 9,554,024 223,108 245,369 2,076,247 993,558 752,879 290,606 14,135,791 98.0 413.5 1,253.0 1,666.5
1956 8,478,237 167,101 243,225 1,693,598 205,870 711,590 235,722 11,785,343 98.9 406.5 1,181.5 1,588.0
1955 7,744,504 154,388 177,088 1,532,697 147,448 606,559 194,442 10,557,126 98.6 384.0 1,1425 1,526.5
Work for Others, Direct Costs Only 1957 97,155 11,451 35,045 92,118 — — 49,377 285,146 2.0 11.0 14.0 25.0
1956 70,853 10,582 5,809 41,496 — — — 128,740 1.1 6.0 85 14.5
1955 43,296 65 1,367 48,785 53,010 — — 146,523 14 20 6.0 8.0
Grand Total 1957 9,651,179 234,559 280,414 2,168,365 993,558 752,879 339,983 14,420,937+ 100.0 4245 - 1,267.0 " 11,6915
1956 8,549,090 177,683 249,034 1,735,094 205,870 711,590 235,722 11,864,083** 100.0 4125 1,190.0 1,602.5
1955 7,787,800 154,453 178,455 1,581,482 200,458 606,559 194,442 10,703,649t 100.0 386.0 1,148.5 1,534.5

Note: Certain adjustments have been made in 1955 and 1956 costs as previously reported in order to make them comparable to those for 1957.
*$447,475 of this total was distributed to Fixed Asscts and as services to Work for Others.
#*$291,410 of this total was distributed to Fixed Assets and as services to Work for Others.
$$252,910 of this total was distributed to Fixed Asscts and as services to Work for Others.
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ing and reglyptalling failed. A spare tube had to
be cleaned and dried several times after installa-
tion before normal operation was resumed in
February, and it was some time before continuous
operation at 3 to 4 Mev could be realized. A beam
of over 40microamperes can be focused through
a Y%-in.-diameter aperture about 15 ft from the
analyzing magnet, which increases the current
density by a factor of about eight over that pre-
viously available. Operation on a two shift per day
basis was necessary to meet the demand for run-
ning time during the summer.

CONSTRUCTION PROGRAM

The complex of structures for the Alternating
Gradient Synchrotron, Project AGS, is nearing
completion and has been proceeding on schedule.
The construction area may be seen at the top of
the aerial view which serves as frontispiece. The
AGS service building was completed in November
1956. At that time the Accelerator Development
Department transferred its activities from bar-
racks buildings to its new quarters. The circular
concrete shell that will enclose the magnet and
the tunnel for the linac injection system has been
completed. The floors for these enclosures have
been laid. The concrete tunnels are being covered
with a 10-ft thickness of sand and gravel. Con-
struction of the building that will cover the target

area is well along, as well as that for the injection
equipment. Installation of the various utilities has
begun. It is expected that heat will be turned on
in the tunnel, injection, and target buildings so
that they can be occupied by early 1958.

Construction of the new Medical Research
Center (shown in the lower portion of the frontis-
piece) is also progressing well. The physical char-
acteristics and functions of this complex of build-
ings, including the adjoining Medical Research
Reactor, were described in some detail in the last
Annual Report. The Medical Department is ex-
pected to move from the temporary wooden army
buildings now occupied to the new quarters some-
time next spring.

The new works area building, 10,000 ft* in area,
with a high ceiling, has been completed. Its chief
function will be to house certain large test loops
now under design or fabrication for the Liquid
Metal Fuel Reactor Project.

In the last Annual Report it was stated that
budget requests had been approved by Congress
for a new physics building (approximately
51,000 ft*) and an enginering building (40,000
ft*), but funds for these two projects were held up
by a broad government policy covering new build-
ing construction. Design work has begun, however,
on housing for the Reclamation Facility and Hot
Laundry (7500 ft?), and a 5800-ft*> addition to the
cyclotron - Van de Graaff building to house the




Figure 3. A number of experimental equipments used
in studies of beams from the electrostatic generator.

18-in. cyclotron, and construction will proceed in
fiscal 1958. Additional experimental space is
urgently needed at the Cosmotron in order to
meet more adequately the demands of experi-
ments for access to high energy beams and to pro-
vide for more efficient use of the running time of
this machine. A request for funds to proceed with
a major enlargement of the target area and pro-
vision of complete shielding has been submitted to
the AEC and to Congress for approval.

The physicists are still scattered in various tem-
porary structures, and the increasing staff of the
Nuclear Engineering Department is crowded into
a badly deteriorated wooden structure, formerly
the Enlisted Men’s Service Club. The Laboratory
has reassessed these needs with respect to space
and timing, and has requested provision of funds
for a physics building in its budget for fiscal year
1959. This will be followed by a similar request for
an engineering building in fiscal 1960.

A number of minor construction projects were
completed during this report period. The prin-
cipal projects under this heading are briefly de-
scribed under “Architectural Planning” in the
Administration and Operations section of this re-
port. The program of restoration of temporary
buildings has been continued for another year
and will have to be maintained until more perma-
nent structures replace the wooden buildings that
have been occupied for the past ten years.

MAJOR RESEARCH PROJECTS

Liquid Metal Fuel Reactor

The use of a liquid metal as a reactor fuel has
been under investigation at Brookhaven for several
years. These studies, both theoretical and experi-
mental, have dealt with the feasibility of develop-
ing components that might later be coordinated
into a complete reactor system. Over a year ago
the Atomic Energy Commission added the Liquid
Metal Fuel Reactor (LMFR) to the official list of
reactors under development. In November 1956,
the Commission contracted with the Babcock &
Wilcox Company first to study the scope, pre-
liminary design, and required research and devel-
opment, and then to undertake the detailed engi-
neering design and construction, and finally the
operation of a LMFR Experiment (LMFRE).
The Laboratory shares in the responsibility for
the research and development directly required
for this program.

One of the interesting aspects of the LMFR is
the possibility of continuous removal of fission
products to maintain a low concentration of these
reactor poisons in the fuel. Earlier investigations
had indicated that a large and important fraction
of the nonvolatile fission products can be extracted
in fused salts. During the past year a more inten-
sive study has been undertaken of the behavior of
a few fission products in the liquid metal and salt
phases. It has been possible to interpret their par-
tition between the liquid metal and liquid salt
phases in terms of their thermodynamic proper-
ties and those of other components of the system.
Because precision in distribution experiments has
been far more difficult to attain with uranium
than with other elements, it seemed advisable to
investigate the state of uranium in salt mixtures
by methods other than salt-metal partition experi-
ments. Some progress has been made with spectro-
scopic, polarographic, and electrometric tech-
niques both at Brookhaven and in the laboratories
of subcontractors. Some of these show promise for
development into instrumental methods for moni-
toring the salt phase composition in a continuous
extraction process. In scaled-up salt extraction
experiments 200-fold greater than earlier ones,
the ratio of cerium to uranium was 200 to 2000
times greater in the salt than in the liquid metal, a
very satisfactory ratio from an engineering stand-
point.



Figure 4. The interior of the tunnel under construction that will
house the magnet for the Alternating Gradient Synchrotron.

The problems of corrosion and metal transfer
involving the liquid metal fuel and its containing
vessel have not yet been completely solved: how-
ever a large amount of useful information has
been accumulated from the thermal convection
loop program. The container material in most of
these experiments has been a low chrome steel.
If the zirconium and magnesium concentrations
in the urantum-bismuth metal are maintained at
approximately 250 and 360 ppm, respectively,
these loops will run for long periods without plug-
ging. However, the hot leg was attacked quite
severely in some experiments in which the tem-
perature differential exceeded 100°C. The experi-
ments are being continued in an effort to deter-
mine a set of conditions with respect to inhibitors,
container materials, and temperature ranges
under which the corrosion and mass transfer effects
will be reduced to a satisfactory level.

Further studies on blanket materials have been
made. Satisfactory dispersions of thorium bismuth-
ide in bismuth have been produced in batches as
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large as 90 Ib. A number of different techniques

are being investigated for the reconstitution of

thorium bismuthide dispersions, some by subcon-
tractors. An ultrasonic technique shows promise.

Since it 1s proposed to use graphite as a moder-
ator in the LMFRE, bismuth uptake has been
studied in a number of graphite specimens at
various pressures at a temperature of 550°C. Two
of the types tested appeared satistactory for LMFR
use. A number of experiments have been planned
to test other phases of the behavior of graphite in
relation to its use in an LMFR. Preliminary meas-
urements have been made on the diffusion of
thermal neutrons in both graphite and bismuth.

Several important test loops have been designed
and are in the process of fabrication. One is a 4-in.
pipe size pumped loop consisting of a primary loop
and a secondary loop connected by an intermediate
heat exchanger, which is to be used for uranium-
bismuth fuel service. When available 1t will be
used to obtain engineering scale information on
the design and operation of components of the




size required for an LMFRE. An in-pile radiation
loop is being fabricated that will convey a solution
of uranium-bismuth, zirconium, and magnesium
through a pipe in the Brookhaven reactor in order
to determine its corrosion effect on various steels
in the presence of radiation (neutrons and fission
products). Another large complex loop now in fab-
rication will be used for testing various column
designs and operating conditions for the extrac-
tion of fission products from liquid metal fuels
with fused salts. An all stainless steel loop which
should be ready for operation within the next few
months will be used to test and develop instru-
mentation, pumps, and other hardware units for
fused salt service. All the work under way is being
carried out in close cooperation with the staff of
the Babcock & Wilcox Company with the objec-
tive of determining the necessary engineering data
for the design and construction of the LMFRE.

Alternating Gradient Synchrotron

The Alternating Gradient Synchrotron is de-
signed to provide a beam of protons of 25 to 30-
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Bev energy. In general, progress in the develop-
ment of this machine has been kept on schedule.
During the past year the status of this project has
been moving from the stage of experiment and de-
sign into that of construction. Experimental studies
of the various magnet models and steels progressed
sufficiently so that final design of the main magnet
coil and cores could be completed. Contracts for
the fabrication of these two major items have
been prepared and submitted to the AEC for ap-
proval. (These contracts have since been exe-
cuted.) It is anticipated that pilot models for test
purposes will be received from the fabricators in
the first half of 1958. Delivery of all the cores and
coils is expected to be completed early in 1959.
Specifications for the complete magnet power sup-
ply system have been finalized, and a contract has
been awarded. Delivery of the component parts is
expected by the summer of 1958.

The injection system will consist of a 750-kv
Cockcroft-Walton set feeding protons into a 50-
Mev linear accelerator. The Cockcroft-Walton in-
jector has been delivered and assembled for stud-
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Figure 5. The magnet piers and target area of the Alternating
Gradient Synchrotron during the laying of the floor.
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ies of its performance characteristics. The high
voltage terminal to house the ion source and
ancillary equipment are on order. The accelerat-
ing column in which the protons are led from
the high voltage terminal to ground and so into
the linear accelerator has been designed. Con-
struction is in progress or about to begin on all
components of the linear accelerator. The inside
diameter of the linear accelerator tank has been
frozen at 95 cm. Drawings of all eleven sections,
each 10 ft long, are complete and will be sent out
for bids shortly. Computation of the drift tube
shapes on the Univac was completed in January.
Design of the pulse quadrupoles to be embedded
in the drift tubes for focusing the proton beam has
been completed, and they have been ordered.
Radio-frequency power for the linear accelerator
will be supplied by a 5-Mw klystron now under
development. Although construction of this tube
is behind schedule, there is little doubt of its
eventual success. Designs of the quadrupole
focusing elements to guide the beam from the
linear accelerator to the synchrotron, a debuncher,
and a pulsed inflector are in progress.

Some of the original concepts of the radio-
frequency system for accelerating the circulating
protons have been revised and modified during
the past year. The design of the low level system
is based on beam feedback and double mixing cir-
cuits. In principle, the double mixing of the signal
frequencies makes it possible to accomplish all
phase control at a constant frequency. The model
test power amplifier designed and built to drive
the model ferrite cavity has performed adequately.
As now visualized, the rf power amplifiers will
have only the final stages located in the magnet
enclosure. The low level, driver, and cathode fol-
lower stages will be located at some convenient
position remote from the ring. Rf will be fed from
the cathode follower stage to the 12 final stages
at the ring over 24 coaxial cables. A contract for
the fabrication of all the ferrite rings required for
use in the cavities has been prepared and sub-
mitted to the AEC for aproval. (This contract has
since been approved and executed.) A completely
transistorized dc amplifier is under construction
that should prove adequate to drive the cavity
directly and should be relatively free of any un-
wanted frequencies.

An Evapor-ion pump with a number of modi-
fications and improvements has consistently main-

tained a pressure of about 1 to 2 X 107® mm mer-
cury. When the largest dimension of the vacuum
chamber was reduced from 8 to 7 in., a chamber
of Inconel X with a wall thickness of 0.078 in.
without rib supports was found to be feasible and
has been adopted. The cross section of the vacuum
chamber will be approximately elliptical in shape,
7 in. wide and 3% in. high.

PROJECT COLOMBO

Early in 1956, the Laboratory undertook a de-
tailed study the purpose of which was to assist the
U.S. Government in drawing up plans for the in-
stallation, operation, and administration of a
regional nuclear research and training center in
Asia, toward which this country would make a
major financial contribution. The International
Cooperation Administration, the agency initiating
the project, transferred funds through the AEC
to cover the Brookhaven study, and a group,
known locally as Project Colombo, was estab-
lished. In addition to several Laboratory staff
members, specialists in various fields were assigned
to the project on a temporary basis from other
institutions.

A ten-man field group was sent on a ten-week
tour of fourteen of the Asian countries within the
Colombo Plan, while the remainder of the project
staff explored sources of information in this country
and in general prepared for the reporting phase
of the project when the entire staff was reunited.
A firm of architect-engineers, the Ralph M. Par-
sons Company, was engaged to prepare archi-
tectural ideas for the Center, with preliminary
layout plans and schematic drawings of the var-
ious buildings, together with rough construction
cost estimates.

On June 25, 1956, the Asian tour was com-
pleted, and the project staff reassembled at Brook-
haven to prepare the necessary reports. The com-
ments of many scientists and administrators from
the Laboratory staff were solicited in finalizing
the Brookhaven concept for the Center. A num-
ber of discussions were held with officials of the
International Cooperation Administration, State
Department, and Atomic Energy Commission
based on working papers and preliminary drafts.
The final report was prepared and issued in No-
vember. The main conclusions of the study group
may be summarized as follows:




The establishment of an Asian Regional
Nuclear Center is considered to be entirely
feasible, and capable of contributing signifi-
cantly to the scientific and technological devel-
opment of the region.

The Center must achieve eminence in the
applications of atomic energy to the regional
problems of agriculture, medicine, and industry.
Since practical advances depend upon the basic
sciences, a strong research program in the
physical and life sciences is essential.

In order to achieve its objectives, the Center
must be staffed by men of high competence and
diverse specializations. The recruitment of well
qualified scientists will be a major problem. The
total staff including students is expected to in-
crease in phase with the ultimate, long-range
growth of the program to a stable level of about
1000. In the initial phase, the number of stu-
dents at all levels that could be accommodated
at one time is estimated at about 200. Although
eventual staffing by scientists and technicians
of the region is imperative, much of the early
key staff will have to be drawn from western
countries.

A well balanced Center must contain labora-
tories and equipment for research in the basic
sciences; general nuclear facilities such as a re-
search reactor, a hot laboratory, radiation
sources, and isotope laboratories; and extensive
special facilities for application studies in medi-
cine including a clinical and research hospital,
agriculture, and industry; ultimately, a demon-
stration power reactor should be considered.

Because of the critical shortage of technically
trained people, an education and training pro-
gram must be undertaken. During the early
years, emphasis would be placed on this train-
ing, and on immediate applications of atomic
techniques to regional problems. A student
training program, to begin immediately upon
authorization of the Center, is proposed. Special
training of prospective scientific staff members
should also be initiated as soon as possible.

To function effectively, the Center must be
an integral unit in one location. It must be
supported wholeheartedly by the participating
nations; all those nations must share in its
management, financing, and staffing.

The relationship between the Center and the
Colombo Plan nations should be determined
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by the participating nations. To establish the
Center itself, the employment of an organiza-
tion experienced in major undertakings of a
similar kind is recommended.

Copies of the final report were distributed by
the State Department to the delegates attending
the Colombo Plan Consultative Committee meet-
ing at Wellington, New Zealand, in early Decem-
ber. In presenting the United States proposal to
the delegates, Mr. Walter Robertson, Assistant
Secretary of State for Far Eastern Affairs, sug-
gested the establishment of a working group as
the best means of discussing the Brookhaven re-
port and of formulating specific recommendations
to the respective governments. Later the United
States Government invited all the countries of the
Colombo Plan to send their delegates to a two-
week Asian Nuclear Center Working Group meet-
ing to be held in Washington in July 1957. Dr.
Haworth was invited to serve as Senior United
States Scientific Consultant to the meeting. At
the request of the International Cooperation Ad-
ministration the Laboratory provided both an
annotated agenda and a series of working papers
covering details of the scientific and technical as-
pects of the proposed Center to show how the pro-
grams in staffing, training, research, and construc-
tion could be started and how they would develop
during the early years. Arrangements were made
for a three-day visit to Brookhaven by the working
group prior to their discussions in Washington to
provide them with the opportunity of examining
the scientific and technical problems in the atmos-
phere of a cooperatively managed nuclear re-
search institution. A series of talks and conducted
tours by key staff members, covering the program
of most direct concern to the Center, have been
planned, together with less formal meetings for
individual interest groups.

REACTOR HAZARD STUDY

At the request of the Division of Civilian Ap-
plication of the Atomic Energy Commission, the
Laboratory undertook a study of the potential
hazards to the public of nuclear power reactors.
The technical phase of this study was analyzed
by a team composed of staff members of the Labo-
ratory with the assistance of a number of consult-
ants and experts from other organizations. A
steering committee composed of scientists and
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engineers from the staffs of the AEC and the Lab-
oratory guided the study. It was necessary for the
group to frame hypothetical circumstances under
which harm and damage could occur, since,
fortunately, there had been no reactor accidents
involving public liability.

The portion of the study dealing with con-
sequences of theoretical accidents started with the
assumption of a typical power reactor, of 500,000-
kw thermal power, in a characteristic power re-
actor location. Accidents were postulated to occur
at a time when essentially full fission product in-
ventories had been built up. Three types of acci-
dents which could cause serious public damages
were assumed. Pessimistic (higher hazard) values
were chosen for numerical estimates of many of
the uncertain factors influencing the final magni-
tude of the estimated damages. These theoretical
damage estimates are believed to be greater than
the damage which would actually occur even in
the unlikely event of such accidents.

For the three types of assumed accidents, the
theoretical estimates indicated that personal
damage might range from a lower limit of none
injured or killed to an upper limit, in the worst
case (a combined series of the most adverse cir-
cumstances), of about 3400 killed and about
43,000 injured. In the case of a major release of
fission products under adverse meteorological
conditions it was estimated that people could be
killed at distances up to 15 miles and injured at
distances of about 45 miles. Land contamination
could extend for much greater distances. Theo-
retical property damages ranged from a lower
limit of about one half million dollars to an upper
limit of about seven billion dollars. This latter
figure is large because of assumed contamination
of land with fission products. In the large major-
ity of the theoretical reactor accidents considered,
the total assumed losses would not exceed a few
hundred million dollars.

Numerical estimates of a quantity so vague and
uncertain as the likelihood of occurrence of major
reactor accidents have little if any meaning, and
many experts therefore declined to make any
numerical estimate of this probability. However,
there was no disagreement in the opinion that the
probability of major reactor accidents is exceed-
ingly low. For comparison, in the United States
in any year, under the most pessimistic assump-
tions used and with 100 power reactors in opera-

tion, the chance of a person being killed by a
reactor accident should be less than one in 50
million, whereas the present chance of being
killed by an automobile accident is about one in
5000.

The findings of the study were submitted by
the AEC to the Joint Congressional Committee
on Atomic Energy in March 1957 for use in its
formulation of the Anderson-Price indemnity bill.
The final report of the AEC, under the title
Theoretical Possibilities and Consequences of Major Acci-
dents in Large Nuclear Power Plants, WASH-740, will
be issued by the Government Printing Office.

RESEARCH ACTIVITIES

The Brookhaven research program, which
covers a wide range of subjects in the physical and
biological sciences and in engineering, has as its
central theme the development and exploitation of
nuclear science and technology. It can be broadly
described under four major headings:

1) fundamental studies of atomic nuclei, the
particles which constitute them, and the
forces involved in their structure;

2) studies of the physical, chemical, and bio-
logical effects of radiation;

3) the use of nuclear tools, such as neutrons,
charged particles, gamma-rays, and isotopic
tracers, in all branches of scientific research;
and

4) research and development, not necessarily of
a nuclear nature, directed at the specific
problems of atomic energy development.

The research activities and more important
developments of the year are described in more
detail in the sections of this report following the
introduction under the headings “Physical Sci-
ences and Engineering” and “Life Sciences.”

Fundamental Studies of Nuclei

These studies make use of probes to disturb the
nuclei and of various techniques to determine the
resulting events. The probes range from protons
at 3 billion electron volts of energy from the Cos-
motron to neutrons of fractions of an electron volt
of energy from the reactor. The work at high
energy has excited most attention and enlisted
the active collaboration of scientists from a num-
ber of universities. Unfortunately, because of the
breakdown of the Cosmotron, the high energy




beams from this machine were available only dur-
ing the first half of the present report period. The
studies undertaken were concerned mostly with
the production and behavior of heavy mesons and
hyperons and their modes of decay in an attempt
to learn more about the role they play in the
structure of nuclei.

An account was given in the last Annual Re-
port of the first experimental confirmation of the
existence of a neutral K-meson, 6., having a
mean life much longer than 10'" sec. It has been
shown that the mean life of this particle is of the
order of 10" sec and that it exhibits three modes
of decay — into a pion, muon, and neutrino; into
a pion, electron, and neutrino; and into three
plons.

An investigation of the unstable neutral par-
ticles produced by negative pions in a propane
bubble chamber was carried out by a group from
Columbia University with members of the Brook-
haven staff collaborating. Analysis of the pictures
obtained established the existence of the very
short-lived neutral form of the sigma hyperon, 2,
together with its decay into two neutral particles,

Figure 6. A small liquid hydrogen bubble
chamber (A) with the housing disassembled.
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a lambda hyperon, A", and a gamma-ray. The
decay of the hyperon, A’ into two neutral par-
ticles, a neutron and a pion, was discovered.
Strong evidence was found for the decay of the
short-lived neutral K-meson, 4,°, into a pair of
neutral pions.

The threshold energy of protons required for
the production of negative A-mesons in emulsions
was found to be about 0.7 Bev higher than that
for positive K-mesons. This confirms the produc-
tion scheme proposed by Gell-Mann and Pais,
according to which the production of a negative
K-meson is always accompanied by that of a
positive K-meson, whereas the positive A-meson
can be made in association with a hyperon. The
interaction cross section for the negative meson
in passing through an emulsion was found to be
more than twice that for the positive meson.

The questioning of the validity of the principle
of conservation of parity in weak interactions by
Lee and Yang, which developed from discussions
held at Brookhaven, proved to be the most stimu-
lating development of the past year in the study
of elementary particles. Experimental confirma-

Figure 7. The hydrogen bubble chamber assembled with
accessory equipment for analysis of Cosmotron beams.



tion was quickly obtained by investigators at
Columbia University. Further confirmation was
sought at Brookhaven by an investigation with a
hydrogen bubble chamber of the angular distri-
bution of the electrons emitted in decays of muons.
An asymmetry was observed directly in their dis-
tribution which showed that parity is not con-
served in muon decays.

While the physicists have used the high energy
beams from the Cosmotron primarily in efforts to
elucidate the interactions that occur between
elementary particles, the chemists have pursued
the study of reactions between complex nuclei and
protons with energies in the Bev region. In most
of these investigations, the radioactive products
of the reactions have been identified and meas-
ured by means of the characteristic radiations
they emit. However, during the past year a
method of measuring the relative yields of reaction
products by means of mass spectrometers has
been developed. In particular, this technique is
useful in the measurement of very long-lived and
stable nuclei which cannot be detected radio-
chemically. For instance, the yields of cesium and
ruthenium isotopes from the bombardment of gold
with 3-Bev protons have been determined. An
upper limit of 0.002 mb has been set for the cross
section of the formation of the long-lived isotopes
of cesium from gold.

Another new technique employed in the past
year to supplement radiochemical data is the
detection of reaction products in photographic
emulsions. The emission of nuclear fragments
heavier than alpha-particles that come from inter-
actions of high energy protons with the silver and
bromine nuclei in emulsions has been investigated.
The number of such fragments increases from ap-
proximately one at 0.4 Bev to about two at proton
energies between 2 and 3 Bev. Improved track
measuring techniques being developed should
make it possible to determine the nuclear charges
of some of the fragments. It is hoped that it will
be possible to correlate these emulsion studies with
the radiochemical investigations on the emission
of light fragments from heavy nuclei. Along this
line the results of studies of the formation of car-
bon-11 from a variety of target elements by billion
volt protons are qualitatively similar to those de-
scribed in last year’s report for the production of
F'® and Na?*. They strongly support the idea that
different mechanisms are responsible for the for-

mation of these fragments from light target ele-
ments and from heavy target elements.

Because of the Cosmotron breakdown, only
fragmentary results are available from experi-
ments undertaken to gain further insight into the
various mechanisms suggested in the last Annual
Report that appear operative in the interaction
of 3-Bev protons with the heaviest elements. Some
observations have, however, been obtained that
indicate a decrease in the probability of small
energy transfers to the bombarded nucleus with
increasing bombarding energy.

The researches with probes of much lower
energy than those from the Cosmotron are prima-
rily concerned with the energy level structure of
nuclei. When charged particles such as deuterons
or protons from low energy accelerators or neu-
trons or gamma-rays interact with the nucleus,
new nuclear energy states are produced which are
usually unstable. By observing the way in which
the unstable nucleus is produced, the steps by
which it decays into a stable nucleus, and the
types of particles or radiations emitted together
with their energies, information is obtained as to
the characteristics of the unstable nucleus and the
various nuclear energy states that may be oc-
cupied in the process of decay. The primary signif-
icance of this information lies, as yet, in con-
firming schemes of classifying the accumulating
data or suggesting new ones. These schemes are
used in the testing and development of theories
that are quantitatively descriptive of the structure
and behavior of nuclei. Investigations of the inter-
actions of neutrons with various nuclei have been
of particular interest with respect to current theo-
retical models of the nucleus. Measurements of
neutron resonances have been made for a number
of elements and separated isotopes whose atomic
weights range between 100 and 240. A method
has been devised by which measurements can be
made in the kilovolt energy region in which the
instrumental resolution averages over many un-
resolved resonances. Results of measurements
obtained by this method have been compared
with those of other laboratories and have been
used to test the predictions of the “cloudy crystal
ball” optical model of the nucleus. Numerous
studies of the above types have been carried out
during the past year with a variety of techniques
that have added considerably to the accumulating
empirical data concerning the behavior of a large




Figure 8. Setting up equipment for accurate measurement of the intensity of the external
proton beam from the Cosmotron. Note the massive concrete shielding required.
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number of different nuclei. The results obtained
are described in the next section of this report.

The establishment this past year of the noncon-
servation of parity in certain beta decay trans-
formations of unstable nuclei has led to the con-
clusion that the x-rays produced by these beta-
rays in matter should be circularly polarized, and
this conclusion has been experimentally demon-
strated.

Experiments undertaken in an effort to observe
the nuclear capture of the neutrino, described in
the last Annual Report, have been continued dur-
ing the past year with improved techniques. One
thousand gallons of carbon tetrachloride were ir-
radiated with a high flux of neutrinos from one of
the production reactors at the Savannah River
Plant, and an attempt was made to detect the
production of radioactive argon-37 from the cap-
ture of neutrinos in chlorine-37. Unlike the nega-
tive results of a year ago, the data obtained in-
dicate that argon-37 was produced in amounts
much larger than can be ascribed to any back-
ground radiation. On the assumption that all the
neutrinos emitted by the reactor are of the kind
which may be captured by chlorine-37 to form
argon-37, the experimental interaction cross sec-
tion has been calculated to be 1.1 X107 cm?®.

According to the theory accepted until about
one year ago and also according to the new, parity
nonconserving, two-component neutrino theory of
Lee, Yang, and Oehme, reactors should emit
antineutrinos which cannot produce argon-37.
Thus, the result of this experiment indicates that
these theories are incomplete. Recent modifica-
tion of the two-component theory suggests that
a mixture of neutrinos and antineutrinos is
emitted from reactors. With this modification the
theoretical cross section for argon-37 production
by reactor “neutrinos’” on the basis that all are of
the proper kind would be 5.2 X107** cm?. Thus, if
the modified theory is correct, approximately one
fifth (1.1/5.2) of reactor “neutrinos” are of one
kind and the remainder different. Because of its
theoretical significance, this investigation is being
continued with larger quantities of carbon tetra-
chloride and other improvements in an effort to
obtain more definitive results.

Effects of Radiation

Some of the effects produced by the irradiation
of materials and of living things that have been

studied during the past year are described here.
These studies also frequently reveal characteristics
of the materials and internal processes of organisms.

It was reported last year that the oxidation rate
of graphite in the temperature range 250° to
400°C was increased markedly by prior reactor
irradiation. This effect was interpreted as catalytic
in the sense that the displaced atoms did not ap-
pear to have been oxidized preferentially but did
apparently facilitate the over-all oxidation. Ioniz-
ing radiation (gamma-rays only) increased the
rate of oxidation in unirradiated graphite, but
by a very much smaller factor. Further investiga-
tions have given results that are generally con-
sistent with the increased rates reported last year,
with one notable exception. The rates of oxidation
at 350° and 400° C found for graphite exposed to
high flux in the reactor were lower than the rates
at 300°C. Moreover, the rates at 400°C at the
high flux are lower by a factor of six than the rates
for virgin graphite in the absence of any radiation.
The rates at 350° and 400° C under the low in-
tensity flux in the reactor are higher than the rates
at 250° and 300°C but lower than those for vir-
gin graphite not subjected to irradiation. These
experiments are being repeated, and the results
thus far obtained indicate that this effect is real.
Because of its practical implications, the investiga-
tion is being continued in an effort to find an ac-
ceptable explanation.

It has been known for some time that radi-
olysis in the laboratory of pentane and other
hydrocarbons results in gaseous products having
a high ratio of hydrogen to methane. On the other
hand, geological evidence shows that petroleum
gases actually contain much methane and little
hydrogen, and that the presence of uranium in
sedimentation formations has provided long-time
irradiation of the precursors of these products.
Consequently, it seemed interesting to investigate
the effect on the hydrogen to methane ratio of
dispersing an organic compound on mineral sur-
faces. Samples of silica, alumina, montmorillonite,
attapulgite, and iron oxide on which pentane had
been distilled were irradiated with gamma-rays
from Co®°. Analysis of the volatile products in-
dicates that interactions between the pentane and
the solid are quite profound. There was a transfer
of energy from the finely divided silica and alu-
mina to pentane, as shown by the increased hy-
drogen yield. This reached its maximum at ap-




Figure 9. Placing rats in position for x-ray treatment. Bio-
chemical analyses will be made on these rats to determine
the course of the latent effect of radiation on these animals.

proximately the concentration of pentane re-
quired to produce a monolayer on the sohd
surface. The iron oxide, however, showed a ten-
fold increase in methane formation, which in-
dicated an energy transfer in the opposite direc-
tion. These results, which have obvious potential
industrial value, are of interest also in connection
with a hypothesis on the origins of petroleum and
natural gas. According to this hypothesis, oil and
gas were produced in rock and sediment by
radiolytic action of naturally radioactive sub-
stances on organic matter. The difficulty until
now has been that the distribution of products
formed by irradiation of organic material derived
from rock was dissimilar to that found in natural
gas and oil. The new results show that this dis-
similarity does not constitute evidence against the
validity of the radiation hypothesis, but on the
contrary is to be expected.

The effects of radiation on neutral water sys-
tems have been studied with the 60-in. cyclotron.
The 20-Mev deuterons and 40-Mev helium ions
available from this machine give ionization den-
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sities intermediate between those of fast electrons
and natural alpha-rays. The water decomposed to
give H atoms and OH radicals. These radicals are
formed inhomogeneously along the track of the
ionizing particle, and, as they diffuse out into the
bulk of the solution, there is a high probability
that they will react together to form hydrogen,
hydrogen peroxide, and presumably water. As the
particle energy of the radiation is lowered, the
lonization density increases, the radicals are
formed closer together, and the probability of
combination increases. The observable water de-
composition yield decreases, as might be expected,
with the rate of energy loss of the ionizing particle
down to that of 33-Mev helium ions, but it in-
creases again with 5.3-Mev alpha-particles. It is
difficult to believe that changes in the primary
process are setting in at this energy. This increase
probably represents a correlation in the initial
positions of the H and OH radicals. In high en-
ergy tracks (low density of ionization), these radi-
cals tend to recombine to form water. In low en-
ergy tracks (high density of 1onization) the over-all
radical density is higher and the probability of the
original radical partners recombining is decreased,
which results in an enhanced yield of H, and
H.O.. In the region from 33-Mev helium ions on
up in energy, the yields agree well with predictions
based on the radical diffusion model.

An analysis of radiation damage in mammals
indicates that there are three primary causes of
radiation death, each depending on the radiation
dose. Animals subjected to high doses die in about
3% days from acute intestinal injury. Under small-
er doses the animals may survive the intestinal
injury only to succumb after 10 to 14 days to
“bone marrow’ death. If they survive this period,
they will still die prematurely from some unknown
cause. The symptoms are the same as those of ““old
age.” An investigation was undertaken to deter-
mine whether or not this late death could also
be attributed to damage in bone marrow. It was
found that shielding a small section of bone mar-
row, which prevents the “bone marrow” death,
does not in any way affect the radiation-induced
aging. Moreover, various bone marrow stimulants
applied either as single doses or as repeated doses
over long periods of time do not affect the course
of the radiation-induced aging. These results in-
dicate that the bone marrow is not involved in
the premature “old age” deaths. The assumption



that the irreparable fraction of a dose of radiation
was much larger for neutrons than for x-rays has
also been investigated. Mice were given doses of
x-rays and fast neutrons comparable in their acute
effects. These doses were also found to be quite
comparable in their effects on the life spans of the
animals, a somewhat surprising result since the
two radiations seem to affect different organ sys-
tems in the mice.

When seeds are subjected to ionizing radiation,
all known types of mutations are produced in far
greater numbers than appear spontaneously. It has
recently been shown at Brookhaven and elsewhere
that some of these mutations can be extremely
useful. For example, a variety of oats has been
developed which is identical to the parent variety
in all respects except that it is resistant to a stem
rust disease to which the latter is susceptible.
Studies have been under way at Brookhaven to
investigate the conditions under which such mu-
tations can best be produced. Specifically, the
program seeks to determine the factors responsible
for mutations in plants, the genetic nature of in-
duced and natural mutations, the types of muta-
tion that can be induced, the types of radiation or
treatment that can most effectively induce mu-
tations, and the most efficient methods for isolat-
ing mutations in plants.

Most of the radiation-induced mutations are
inherited in a simple Mendelian manner. It is of
great importance that at least one stem rust resist-
ant mutant in oats has been found to be inherited
as a dominant mutation, a situation long consid-
ered impossible on theoretical grounds. On the
other hand, Victoria blight resistance induced in
oats is a recessive mutation. Crown rust resistance
in certain oat varieties is closely linked genetically
to Victoria blight susceptibility; when Victoria
blight resistance is induced in these varieties
crown rust susceptibility almost invariably appears
in the progenies. However, this apparently is not
a simple all-or-none phenomenon, since the in-
duction of Victoria blight resistance results in
varying degrees of susceptibility to crown rust.
This finding indicates again that characters which
are usually considered to be simple and controlled
by one genetic locus may in fact be complex and
controlled by a number of different genetic loci.

When biological material is subjected to radia-
tion, the direct effects have hitherto been assumed
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to be complete at the cessation of the treatment.
It has been discovered, however, that following
x-ray treatment seeds continue to exhibit increas-
ing injury for considerable periods of time. Seeds
germinated immediately after irradiation show
far less damage than seeds given the same irradia-
tion but stored for even a few hours before germi-
nation. Indeed it appears that under certain special
circumstances as much as 95% of the damage
initiated by the x-ray may develop in the period
following the irradiation, and that the effects are
markedly dependent on the water and oxygen
content of the seeds both during and after the
irradiation. Apparently complex reactions not
yet understood are initiated by x-irradiation. In
the case of neutron irradiation, however, this effect
is almost completely absent.

This is the fifth year of formal operation of the
Brookhaven Cooperative Radiation Mutations
Program under which plant breeders and genet-
icists throughout the world have been able to use
the radiation facilities at Brookhaven in attempts
at crop improvement. The great interest in this
program is indicated by the large number of proj-
ects initiated. Irradiations of more than 70 differ-
ent crop plants have been performed for about
150 scientists in the United States and Canada.
Cooperative projects have been started with more
than 30 scientists in 20 other nations. From the
time the radiations are performed, several years
may be required for the selection of mutants and
the establishment of their usefulness in comparison
with existing varieties.

Fruit trees grown in the gamma field where
they have been subjected to gamma-rays for one
to three years and then removed and permitted
to return to normal growth have been under anal-
ysis for possible mutations by cooperating investi-
gators. Two possibly beneficial mutations have
been reported in the Fairhaven variety of peaches.
First observed last year, these two radiation-in-
duced mutations have been confirmed this season.
They are potentially capable of increasing by
more than a month the season in which fruit of
this variety can be available. These represent the
first results obtained from the fruit trees subjected
to gamma irradiation in 1952 when this program
was initiated.

The Medical Department has continued its
investigations on the application of neutron cap-
ture therapy and in particular its use in the treat-



ment of the malignant brain tumor, glioblastoma
multiforme. In this treatment first the patient is
given an injection of a boron-10 salt solution and
then the tumor area is exposed to a beam of slow
neutrons. The interaction of neutrons with boron-
10 atoms results in an alpha-particle and a lithium
recoil atom of sufficient energy to prove lethal to
cells. The efforts of the past year have been direct-
ed primarily at improvements in the procedures
involved. The first clinical trials have been made
with the new boron compound, sodium penta-
borate, which on the basis of animal studies ap-
peared to be less toxic and to have other physio-
logical qualities making it more effective than the
sodium tetraborate used previously. A new route
and a method of controlling administration were
developed which make it possible, by properly
timing the neutron exposure, to avoid the vexatious
skin complications previously experienced. The
sodium pentaborate solution was injected into
the main artery supplying the hemisphere of the
brain in which the tumor occurs. New remotely
controlled equipment permits injection of the solu-
tion at any desired rate and dose without approach
to the patient. While further technical maneuvers
remain to be perfected, the treatments carried out
this past year indicate that the main problems
of administration procedure have been solved.
An extensive histological study of the effects of
neutrons on various regions of the brain has been
undertaken jointly with the Department of Anat-
omy, Harvard Medical School, and the Armed
Forces Institute of Pathology. The entire brain,
following autopsy, will be examined to determine
whether any changes due to radiation can be de-
tected in those sections free of tumor material, as
well as the extent, nature, and intensity of the
changes within the tumor tissues. The first results
have shown a very gratifying restriction of radia-
tion effects to the tumor cells and to regions in
which they had existed but had been eliminated.

The studies on the control of a transplantable
highly invasive brain tumor in mice have also
been continued. Neutron capture therapy has
been used and the treated tumor then trans-
planted to determine the effects of the treatment.
These experiments have clearly demonstrated an
increased effectiveness of boron when given as
pentaborate rather than as tetraborate. They are
being continued in an effort to determine the
parameters of effective exposure with regard to
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total neutron exposure with a given boron con-
centration.

In the neutron capture therapy program prepa-
rations are now being made so that advantage
may be taken of the opportunities presented by
the new medical reactor as soon as it is ready for
clinical use.

Studies of cancerogenic effects of x-rays are be-
ing continued in female rats given from 50 to 600
r whole-body radiation. Suitable groups of ani-
mals were given additional local beta radiation
over the mammary region. A very large percent-
age developed mammary tumors, in some groups
56% of the exposed population. Various types of
shielding have been employed; and ovariecuo-
mized, untreated animals and animals ovariecto-
mized and then implanted with nonirradiated
ovaries have been studied. It appears that induc-
tion of the tumors requires the presence of func-
tioning ovaries, but that irradiation of breast,
ovary, or pituitary is not necessary. A number of
histological types of tumors have been found. Fur-
ther studies concerned with the role of the ovary
in the genesis of these tumors and with the dose-
response relationship are in progress.

Use of Nuclear Tools

Extensive use has been made of the available
nuclear tools of research during the past year. The
arrangements af atoms, ions, and magnetic spin
systems in solids have been studied with low en-
ergy neutrons from the reactor. Investigations of
chemical reactions and of biological processes in
plants and animals, including humans, have been
pursued with radioactive isotopes used as tracers.
A few of these numerous studies will be mentioned
here.

The cold neutron facility at the top of the reac-
tor has been completed. It provides a beam of
neutrons with very low energies that is 25 times
more intense than the beam previously used. The
mean energy of these neutrons corresponds to
40°K and is so low that their distribution in ener-
gy after passing through many crystalline mate-
rials is almost entirely due to the energy that they
pick up from the lattice vibrations. Information
of this kind is helpful in determining the nature
of the forces that act between the atoms of the
crystal. Studies of this type have been carried out
on several moderator materials because of the
importance of their vibrational modes in energy



exchange with neutrons. It has been found, for
instance, that zirconium hydride possesses an in-
tense optical vibrational mode at 0.14 ev as well
as a continuous distribution of vibration modes at
lower energy. A single crystal of germanium has
been examined with this technique because its
lattice vibrations play an important role in the
understanding of its behavior as a semiconductor.
It has been found that the scattered neutrons are
peaked at a certain value of energy that is inde-
pendent of crystal orientation. This is also inter-
preted as due to an optical mode of vibration of
high frequency associated with the interaction
of individual atoms rather than of unit cells. A
systematic study of the scattered neutron spectrum
as a function of crystal orientation is now under
way. This cold neutron technique appears very
promising in the study of the solid state of matter.

Fifteeen neutron spectrometers have been used
at the reactor in studies of the arrangement of
atoms in solids and the distribution of magnetic
scattering centers. An important advance in tech-
nique has been the development of polarized
neutron beams in which 95% polarization has
been attained. A cobalt-iron single crystal is used
as the monochromator. A method has been de-
veloped by which it has proved possible to deter-
mine the direction of the magnetic moments with
respect to the crystallographic axes of such mate-
rials as Cr,O, and a-Fe,0,.

The determination of the structure of ferro-
electric Rochelle salt is nearing completion. Deu-
terated samples of the salt have been used to take
advantage of the difference in the scattering of
neutrons by deuterium and by hydrogen in order
to determine the positions of the hydrogen atoms
in the crystal lattice. The computations that will
lead to a refinement of the structure are in prog-
ress.

Research in mass spectrometry has been con-
centrated on problems of high sensitivity tech-
niques suitable for geochemical studies. An ioniza-
tion source has been developed which permits the
analysis of 10® alkali metal atoms in the presence
of much larger quantities of undetermined im-
purities. This technique has been used for the
measurement of cesium concentration in the Hol-
brook meteorite. A value of 0.39 parts of cesium
per million parts of silicon was obtained which is
in good agreement with Suess and Urey’s esti-
mates of its cosmic abundance. The same tech-

nique has been used to determine the yields of
zirconium, barium, and rubidium nuclides pro-
duced by irradiation of gold targets with 3-Bev
protons from the Cosmotron.

A common problem in archaeology is to de-
termine whether objects found in a given location
were manufactured nearby or were shipped from
some distant source. Information about the geo-
graphic origin of such objects has been obtained
by neutron irradiation, which causes some of the
component elements to emit characteristic radia-
tions. Because the radiations from different ele-
ments can be measured separately, the relative
amounts of these elements can be determined.
Since ceramic pots made in a given region usually
show the same relative concentration pattern of
these elements whereas pots from another region
generally have a common but different pattern,
it is often possible to differentiate between pots
from different regions of origin. After the test the
induced radioactivity will decay leaving the object
unharmed. Applications of this method have been
helpful in tracing ancient trade routes.

In recent years the dynamic aspects of biochem-
istry have commanded increasing attention. Life
is never static and even where growth is not ob-
vious, as in the adult organism, there is a continu-
ous process of destruction and repair involving
not only individual cells but also the chemical
constituents of cells. In order to evaluate the im-
portance of whole-cell replacement relative to the
replacement of individual constituents, some fixed
point of reference is needed, and one constituent
of cells, desoxyribonucleic acid (DNA) is proving
increasingly useful in this regard. DN A occurs
within the nucleus of the cell associated with the
chromosomes and appears in fact to be the bearer
of the genetic information which each cell passes
on to its descendants. This genetic information
includes specifications for the procurement or
production of every constituent which the daugh-
ter cell must have for its normal function and con-
sequently is of a complexity to command respect.

Cells multiply by division into two equal parts,
and the primary step in this process appears to be
a doubling (duplication) of this genetic material,
the DNA. Subsequently, the “mitotic” process
sorts these molecules (organized in large aggre-
gates — the chromosomes) so that each daughter
cell will have a complete set of information. Since
this information must be handed down through




Figure 10. Some of the neutron spectrometers
on a balcony at the west face of the reactor.

countless generations, extreme immutability of
the DNA molecules would seem desirable, and in
fact evidence is accumulating that DNA in a cell
is never replaced. Consequently, a radioactive
label for DNA should be extremely useful in fol-
lowing the fate of cells in a variety of living proc-
esses. While most of the substances utilized in
DNA synthesis are also utilized in the synthesis
of many other cell constituents, scientists in other
laboratories have shown recently that thymidine
is utilized uniquely in the synthesis of DNA. In
view of this fact, an effort was made to prepare
tritium-labeled thymidine. Tritium was chosen as
a label because its beta radiation has such an
extremely short range that its effects will be almost
entirely limited to the cell in which it originates.
This is very important for autoradiography be-
cause it makes it possible to determine with high
resolution the location of the marker within the
cell. It is anticipated that such localization of
radiation within a cell will also have important
implications for radioisotope therapy. Tritium-
labeled thymidine of adequate specific activity
was successfully prepared.

In the first autoradiographic studies under-
taken, seedlings of the broad bean (Vicia faba)
were grown in a mineral nutrient solution con-
taining this radioactive thymidine. This plant was
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selected because it has twelve large chromosomes,
one pair of which is morphologically distinct, and
because the length of the division cycle and the
time of DN A synthesis in the cycle are known.
After growth of the seedlings in the isotope solu-
tion for the appropriate time, the roots were thor-
oughly washed with water and the seedlings were
transferred to a nonradioactive mineral solution
containing colchicine for further growth. At ap-
propriate intervals roots were fixed, stained, and
squashed on microscopic slides. Stripping film
was applied and autoradiographs were prepared.
The colchicine made it possible to determine by
inspection how many cell divisions had taken
place following its application. Thus, by proper
timing cells could be obtained which had under-
gone one, two, or three cell divisions after labeling
by the tritium-labeled thymidine. Analysis of the
autoradiographs showed both daughter chromo-
somes resulting from duplication in the presence
of labeled thymidine to be equally and uniformly
labeled. After an ensuing duplication in the ab-
sence of the labeled DNA precursor, the label
appeared in only one of the two daughter chromo-
somes.

The autoradiographs showed conclusively that
the thymidine built into the DNA of a chromo-

Figure 11. Plant cells grown on an “algae farm” for use in
isotope studies of photosynthesis are harvested by a
technician.




some is part of a physical entity that remains in-
tact during succeeding replications and nuclear
divisions, except for an occasional chromatid ex-
change. They further showed that a chromosome
is composed of two such entities probably com-
plementary to each other. Thus, during cell divi-
sion each of these entities replicates to form a
chromosome with four entities. The chromosome
divides so that each chromatid (daughter chromo-
some) regularly receives an “original” and a “new”
unit. On the basis of these results, a chromosome
model has been constructed with two complemen-
tary units and a scheme of replication analogous
to the Watson-Crick model of DNA.

A detailed study of both the energy metabolism
and carbon dioxide fixation of a wide variety of
photosynthetic organisms which have a broad
evolutionary span and an increasing complexity
of chlorophyll containing structures has been car-
ried on during the past year. By use of C**O, in
association with the processes of paper chromatog-
raphy and autoradiography, all the steps in the
fixation of CO, and the production of sugar have
been shown to be associated with the chloroplast
in one higher plant (spinach), several green algae,
and the more primitive yellow-brown algae,
Ochromonas. In contrast, the photosynthetic bac-
teria, the most primitive of the photosynthetic
organisms studied, which contain a plastid bound
chlorophyll and energy producing system, do not
contain a plastid bound CO,-fixing system. Thus
for the first time an intracellular separation of the
energy conversion steps and the sugar synthesiz-
ing step of photosynthesis has been demonstrated.
Of particular interest is the point that in these
primitive photosynthetic sulfur-producing bacteria
a new light-dependent carbon-fixing mechanism
has been discovered. This is the first time thata
second light-dependent CO,-fixing step has been
shown. The classical photosynthetic CO,-fixing
system involves the addition of CO, to a 5-carbon
sugar to give two 3-carbon acid precursors on the
way to sugar synthesis. The new system involves
the carboxylation of a 3-carbon acid phosphate
to give a 4-carbon acid which is rapidly trans-
ferred to an amino acid. This reaction was re-
cently discovered as a dark reaction in other
organisms. However, here in photosynthesis are
shown for the first time two simultaneous CO,-
fixing steps dependent upon light, one leading to
sugars and one directly to protein.
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Enzymes are the key protein molecules which
catalyze the dynamic processes in biological sys-
tems. They are far more efficient than any man-
made catalyst in two particular respects: 1) they
can catalyze changes under the mild conditions
of room temperature in aqueous solution and
2) they are highly “specific”; i.e., they can dis-
criminate between closely similar structures.
An understanding of how enzymes work is there-
fore of great importance. Because enzymes are
large molecules, whereas a number of compounds
on which they act are small, it has long been felt
that only a small portion of the enzyme actually
takes part in the reaction. By choosing an enzyme,
phosphoglucomutase, which is known to be phos-
phorylated, it has been possible to label the pro-
tein with P3? without destroying the enzyme’s
activity. The label was shown to be present at,
and only at, the active site. Moreover, it was
shown that the label did stay on the same amino
acid during the degradation of the protein. In this
way serine was found to be the amino acid at the
active site to which the phosphate is attached.
Furthermore, with this radioactive serine phos-
phate as a marker it has been possible to “map
out” other amino acids at the active site. It has
been found, for example, that six of these are the
same for the enzyme phosphoglucomutase as they
are for the enzyme chymotrypsin. Since these
enzymes have different specificities, i.e., they act
on very differently shaped molecules, it is con-
cluded that these six amino acids are involved in
the bond-breaking function of the enzyme and not
the specificity part. This leads to the suggestion
that there are sequences of amino acids having
the catalytic function and sequences having the
specificity function. This is one of the first clues
relating the detailed structure of protein to its
biological function.

A basic clinical study is under way to find out
whether a characteristic half-life can be deter-
mined for tagged fractions of serum proteins in
cancer patients. It had been previously demon-
strated that in both animal and human tumors
the growing neoplasm elicited an antibody re-
sponse that was highest in the gamma-2 globulin
fraction. This fraction was labeled with iodine-131.
After establishing the turnover rate of normal
gamma-2 globulin in the patient, the turnover
rate of gamma-2 globulin from a patient with a
similar disease is determined in the original pa-




tient in an effort to establish whether or not this
procedure can be used as a diagnostic test for
cancer. Since the cancer gamma-2 globulin should
be destroyed in the antigen-antibody reaction
when it unites with the cancerous tissue, its turn-
over should be more rapid than that of the normal
gamma-2 globulin. Tests are also being made with
the same preparations in rabbits to see whether
the rabbit in its metabolism can distinguish be-
tween normal and cancer gamma-2 globulin.

Studies of the metabolism of minerals have
been continued. An example of these is the
study of the kinetics of distribution and me-
tabolism of manganese. In particular, the kinetics
of intracellular distribution of Mn** and Mn*® in
liver and brain have been studied. The behavior
of manganese suggested a multicompartment
system which probably consists of one very fast
component as yet unidentified in anatomical or
physiological terms and slower components as-
sociated with nuclei, mitochondria, or soluble
cytoplasmic material. It has been established that
manganous, manganic, and permanganic salts
always markedly increase the turnover of radio-
active manganese. The specificity of the manga-
nese pathways is attested to by the fact that no
major effect on manganese distribution or turn-
over could be elicited by injection of bivalent salts
of copper, zinc, nickel, chromium, vanadium,
cobalt, or iron in large amounts at various inter-
vals following the injection of manganese sulfate.
Likewise, no effects were noted when bromide,
iodide, and rhenatex compounds were used. It
was surprising that no effects could be seen on
distribution kinetics in the experiments with the
other members of the transition group, or with
those elements of Group VII in the valences
studied.

A major portion of the manganese study was
devoted to a further attempt to localize radio-
manganese in the liver of rats in order to develop
a method for specific internal radiation of this
organ that might have application in the control
of malignant diseases. A localization of 90 to 100%
of the injected dose was achieved when injections
were made into the superior mesenteric vein. The
isotope appeared to remain almost exculsively in
the liver for about 2 to 2.5 hr. Surprising and as
yet unexplained is the fact that the deposition in
the liver was inhomogeneous; the extreme left
segment contained 3 to 7 times the concentration

of the extreme right segment for approximately
3 hr. Thereafter, a slow enrichment of other body
sites by Mn®* was seen. Data suggested that a
large fraction of liver manganese is excreted into
the gut while a smaller amount is distributed
through the body.

The study of the role of sodium in hypertensive
patients has been continued. It seemed desirable
to determine the effect of caloric restriction alone
when protein intake was maintained constant.
Detailed observations were made of exchangeable
sodium by use of Na®! in patients placed on diets
at various caloric intakes. At the same time, esti-
mates were made of the chloride associated with
sodium by use of Br**, of total body water with a
tritiated water, and of blood and plasma volume
by labeling red cells with Cr®'. The results of this
study will not be complete until all the data are
assembled and analyzed. It has been found that
connective tissue acts as a reservoir for sodium in
both normal and hypertensive persons. A long-
term study of a dog colony subjected to various
levels of sodium intake has been under way to
determine whether a natural evolution of hyper-
tension can be observed in a larger laboratory
animal.

The metabolism of vitamin B,, has been in-
vestigated by labeling it with Co®’. External
counting indicated that a large fraction of the
labeled B,, goes to the liver; but the turnover as
measured by in vive counting is very slow: over a
two-month period the decrease was only a negli-
gible amount both in patients and in animals.
Examination of animal tissues showed the highest
concentration in terms of activity per gram of
tissue to be in the pituitary, adrenals, pancreas,
kidney, and gastric mucosa, rather than in the
liver. Studies on the plasma clearances of the
vitamin in patients and in normal individuals
have shown a very slow clearance (hours) in pa-
tients with chronic myelogenous leukemia and
agnogenic myeloid metaplasia as compared to
normal individuals (minutes) and patients with
polycythemia vera (minutes). The bound Co®’-
labeled B,, is carried by the alpha globulins.

Hemorrhage is one complication of heavy radi-
ation. Control of hemorrhage requires replace-
ment of the blood platelets which disappear fol-
lowing radiation. Clinical tests have shown strik-
ing control achieved in thrombocytopenic states
when platelet transfusions were given. Since the
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Figure 12. A stacked arrav of graphite and bismuth
stringers simulatine the core structure of the proposed
LMFR Experiment and used for the experimental de-
termination of the neutron diffusion in such an assembly.
The aluminum foils which are laid around the bismuth
stringers will later be replaced by Al-U foils in exponen-
tial assemblies.

fate of a platelet was not clearly known, it was of
interest to label platelets and thereby follow their
course. Platelets were successfully labeled with
sulfate containing S* without loss of their physio-
logical qualities. Labeled platelets disappeared
when transfused into normal animals. However,
when the labeled platelets were transfused into a
post-radiation thrombocytopenic rat, autoradio-
graphs of tissues showed a distribution of activity
about capillary walls throughout the body. By use
of various tume intervals for sacrifice and histo-
autoradiography, it is seen that the capillary bed
1s well outlined | hr after transfusion, but is not
well outlined after 24 hr or after a 4-day interval.
From studies on the specific activity of labeled
platelets it appears that over an initial 4-day
period the animal made thrombocytopenic by

radiation does not manufacture any platelets.

Related Research and Development

Research and development in areas not neces-
sarily nuclear in nature but important to the de-
velopment of the atomic energy program have
been carried out primarily by engineers. Many
of these studies are directly related to the design
of reactor components and systems. They are con-
cerned with the problems of heat transter, chemi-
cal processing, and choice of appropriate materials
associated with the development of reactors, par-
ticularly the Liquid Metal Fuel Reactor (LMFR).
The progress made during the past year on the
LMFR has been described above; only work not
related to the LMFR will be mentioned here.,

An investigation has been under way for some
time on the feasibility of dissolving natural ura-
nium fuel elements in an interhalogen mixture
consisting mostly of bromine trifluoride but con-
taining varying amounts of bromine pentafluoride,
uranium hexafluoride, and bromine, A pilot plant
having a capacity of 5 pounds of uranium per
hour was designed and constructed. Since January
eight dissolution runs have been carried out with
unirradiated natural uranium fuel elements. Un-
fortunately, during the ninth run in May. a series




of rapid explosions occurred which destroyed the
dissolver section of the plant. Prior to the accident
valuable experience with regard to operating
procedures was obtained. It was also established
that the uranium hexafluoride content accelerates
the dissolution rate up to a concentration of 2
mole percent; beyond this concentration the dis-
solution rate decreases.

Investigations have been under way during the
past year on the development of an absorption
stripping system for the removal and recovery of
xenon and krypton from reactor and fuel process-
ing plant purge gas streams on a continuous basis.
Studies of the equilibrium solubilities of xenon,
krypton, argon, helium, nitrogen, oxygen, and air
in various solvents showed that, in general, the
less the polarity of the solvent, the greater the sol-
ubility of the noble gas. It has been shown that the
solubility of xenon and krypton in a kerosene base
decreases at higher temperatures, so that recovery
of the noble gases from this solvent is possible. A
number of preliminary runs with xenon and
krypton were made in absorption columns to de-
termine heights of theoretical units. Radioactive
tracer and mass spectrometric methods of analysis
were employed.

The basic program of measuring lattice param-
eters of water moderated, slightly enriched ura-
nium rod fueled reactor cores is nearly completed.
Measurements of the critical size and neutron
economy for a large number of lattices have pro-
vided the experimental data required for theoret-
ical generalizations. During the past year this pro-
gram has been extended to include measurements
with plutonium fuel, and work on a water mod-
erated system employing the thorium-232 -
uranium-233 cycle has begun. A series of meas-
urements on graphite — natural uranium systems
like that in the Brookhaven research reactor have
been completed. These measurements together
with those on the water lattice system have given
a reliable value for the number of fission neutrons
per neutron absorbed in natural uranium, namely,
1.309=0.006.

Measurements of neutron cross sections consti-
tute an example of basic research that is both sig-
nificant in the testing of various nuclear theories
and may at the same time be important in the de-
velopment and design of reactor systems. For ex-
ample, the fission cross section of U?*® has been
studied extensively. Particular emphasis has been
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given to high precision measurements for stand-
ardization purposes. Precise values for the capture
cross sections of gold and boron have been ob-
tained for 2200-m/sec neutrons. The thermal
capture cross sections of these two elements were
found to be 98.8+0.3 and 756 =6 barns, respec-
tively, based on measurements of the total cross
section between 4.0 and 11.5 A neutron wave-
length. The total cross section of vanadium has
been shown to fit a straightline from 0.10 to 4.0 ev.
Neutron transmissions of samples of C, Si, Mg, Y,
Nd, Cd, Pb, Be, and Be oxide have also been
made. A direct measurement of the absolute fis-
sion cross section of U?** has been undertaken by
the group from Columbia University for the pur-
pose of removing inconsistencies in values obtained
from indirect methods. The new method for this
measurement is expected to give an accuracy of
about 1%. The measurements will be taken at
neutron wave lengths betwen 4.0 and 11.5 A by
means of a mica crystal monochromator, neutron
filters, and a mechanical neutron velocity selector.

To meet the continually expanding needs of the
research programs for computing machinery, the
Laboratory has started the construction of a mod-
ern high-speed digital computer designed to meet
the particular needs of the Brookhaven program.
The design of this machine is based upon that of
the Maniac II which is in the final stage of assem-
bly at Los Alamos. Modifications are being intro-
duced which will increase the high-speed memory
capacity from 12,000 to 24,000 words. The use of
diodes and pulse transformer techniques in the
circuits of the arithmetic section together with
additional registers should result in easier and
faster computation. The control section will follow
basically the Los Alamos design. Since the Brook-
haven computer will have one instruction per
word compared to two for the Maniac II, it will
be possible to add more instructions. The machine
will be housed in a wing of the ad ministration
building. The design is well along. The power
supply and a considerable amount of other equip-
ment have been ordered, and the assembly of cir-
cuits is under way. A summary of the computer
specifications is given in the next section of this
report.

The radiochemical separation and preparation
of radioisotopes has been continued. A successful
system for separating the important B-emitting
isotope, yttrium-90, from its long-lived strontium

o




600

560 -

520+—— ==
SCIENTIFIC STAFF

4801 —_— - -
7278 GUESTS

440-{—— EEEEEE SALARIED VISITORS

REGULAR STAFF

MAN-MONTHS OF WORK

JuLy JuLy JULY JuLy
1950 1951 1952 1953

— 600

~ 520

480

440

160

120

Figure 13.

parent has been devised. The method of obtaining
magnesium-28 in sufficient specific activity from
magnesium-26 by tritons obtained from neutron
interactions with lithium-6 has been improved,
and this important isotope is now available for use
in medical research. A new separation process
has been developed to give high yields of fluorine-
18 which extends its useful shipping range. A
greatly improved type of generator for iodine-132
has been devised. The product is virtually free of
tellurium and other undesirable contamination
and is suitable, for example, for direct use in
iodinating human serum albumin for medical
research.

One of the problems connected with the future
use of atomic energy is that of laundering gar-
ments contaminated with radioactive substances.
Radiation levels and spread of contamination
have been studied at the decontamination laundry.
Washing of 350 cotton twill coveralls used at the
pile and waste disposal areas was done in 10
batches, divided according to degree of contami-
nation. Extensive measurements were made of air
and surface contamination levels as well as of the
activity in the waste water. Some general observa-
tions can be made on the basis of this experiment.

Clothing mildly contaminated with fission prod-
ucts can be processed with essentially no hazard
either to the laundry or to other customers. Proc-
essing of clothing heavily contaminated either
with radioactive materials or with especially toxic
isotopes would present a hazard if processed by
untrained people in an ordinary laundry; how-
ever, a commercial laundry with proper equip-
ment and procedures could do such work safely.
Disposal methods for handling contaminated
waste water will depend on local conditions, the
scale of operation, and the degree of contamination.

PERSONNEL

The total number of people on the Laboratory
payroll on June 30, 1957, was 1696 exclusive of
temporary appointees, a net increase of 98 staff
members during the year. The ratio of nonscien-
tists to scientists rose from 3.8 to 4.0.

The growth of the scientific staff from July 1950
to July 1957 is shown in Figure 13. The actual
number of man-months of work performed by the
scientific staff is plotted for each month. The
graph gives, therefore, an indication of scientific
services rendered and also represents the average




number of scientists working at the Laboratory
full time each month. Salaried visitors include
scientists and engineers on leave from their own
institutions, graduate students doing doctoral in-
vestigations while on leave from their graduate
schools, postdoctoral research associates on one-
year appointments, and temporary appointees
whose services are in some measure requested by
Brookhaven. Guests include scientists and engi-
neers who participate in the Brookhaven program
but receive no remuneration from the Laboratory.
The services of consultants are not included in the
graph. During fiscal year 1957, 17 man-months
of service were rendered by these consultants as
compared with 21 in the previous year.

The regular scientfic staff has remained almost
constant in number for the past two years in spite
of the characteristic high turnover promoted by
the Laboratory’s appointment policy. In contrast,
there has been an increase for the tenth successive
year in the number of scientific visitors who worked
at the Laboratory for one month or more. The
number of salaried visitors increased by more than
10%. This increase is traceable to the growing
number of postdoctoral research associates. Non-
salaried visitors increased in number by 20%. The
continuing increase in the number of visiting staff
who do research with Brookhaven’s facilities is
gratifying.

During the past year 86 scientists and engineers
from 24 other countries came to Brookhaven to do
research, nearly double the number in the pre-
vious year. The presence here of the foreign scien-
tists is not only stimulating; it also plays an im-
portant role in integrating the scientists of the free
world and promoting mutual understanding.

Arrangements have been made for 100 faculty
members from 70 different educational institu-
tions to work at the Laboratory during the sum-
mer of 1957. About 20 scientists and engineers
from 15 industrial and other organizations are
also expected. The formal summer program for
students will bring 45 undergraduates and 35
graduate students from 40 different educational
institutions. Including 24 Radiological Physics
Fellows and 26 additional graduate students, there
will be an influx of about 250 additional research
workers this surnmer.

INTER-AMERICAN SYMPOSIUM

An outstanding international event in Brook-
haven’s history was the Inter-American Sympo-
sium on the Peaceful Application of Nuclear
Energy, held here May 13 to 17. Ninety-nine
eminent Latin American scientists and adminis-
trators, representing 19 countries, attended. The
purpose of this meeting was to produce an in-
creased realization that a new servant of man —
nuclear energy — stands ready to improve the
health and well-being of all the American peoples.
The meeting’s specific objectives were to clarify
the present and future uses of atomic energy in
the Americas, to call attention to the potential
efforts necessary to support and accelerate the
development of atomic energy, to stimulate and
increase these efforts, and to foster cooperation
and the interchange of scientific information
among the American Republics.

The Symposium was sponsored by the Govern-
ment of the United States, and conducted by
Brookhaven National Laboratory under the

Figure 14. Latin American participants in the Inter-American Symposium
on the Peaceful Application of Nuclear Energy.
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auspices of the Atomic Energy Commission, the
Department of State, and the International Co-
operation Administration. Brookhaven undertook
the planning of the agenda and the organization
of the Symposium. Outstanding U.S. authorities
in the fields to be covered in the agenda were in-
vited to present papers, and the Latin American
participants were also encouraged to report their
own research efforts. In addition, each country
was invited to give an outline of its national plans
and programs in nuclear energy. After the presen-
tation of each paper, a discussion period was held.
There were also panel discussions on such general
topics as training and education for the nuclear
age.

In addition to the general sessions covering the
topics of broad interest, the Symposium agenda
included special parallel sessions devoted to four
principal fields of interest: management, physical
sciences and technology, biology and agriculture,
and medicine. The basic policy of the Symposium
was to emphasize those phases of nuclear energy
more closely within reach of all the American Re-
publics. The Proceedings are to be published in
both Spanish and English versions; copies will be
made available to all participants and to the major
technical libraries in the participating countries.

In addition to the formal sessions there were
technical exhibits including the AEC’s Atoms-
for-Peace panels and conducted visits to Brook-
haven’s various laboratories and research facilities.
An extensive collection of technical books, reports,
and pamphlets from U.S. and Latin American
sources and appropriate brochures from industrial
concerns were available to all visitors.

Following their week at Brookhaven, the par-
ticipants went on conducted tours to other AEC
installations, according to their special interests.

The twenty countries represented at the Sym-
posium were: Argentina, Bolivia, Brazil, Chile,
Colombia, Costa Rica, Cuba, Dominican Repub-
lic, Ecuador, El Salvador, Guatemala, Honduras,
Mexico, Nicaragua, Panama, Paraguay, Peru,
Uruguay, United States, and Venezuela.

SUMMER INSTITUTE IN NUCLEAR SCIENCE
AND ENGINEERING

An eight-week Summer Institute in Nuclear
Science and Engineering was held by the Labora-
tory for 30 professors from 22 different engineering

schools in 14 states and Puerto Rico. The Institute
was sponsored by the American Society for Engi-
neering Education, the National Science Founda-
tion, and the Atomic Energy Commission. The
objective was to present to the faculty members
the basic theory and technology essential to re-
actor development in a form suitable for use in the
curricula of engineering schools, in particular for
those students preparing to enter the field of nu-
clear engineering. The laboratory experiments,
some 22 in number, were designed to give a basic
insight into reactor design and technology prob-
lems. The lecture program utilized special qualifi-
cations of regular members of the Brookhaven
staff. The experimental program made use of such
Brookhaven facilities as the standard pile, the re-
search reactor, and the criticality experimental
setup. A subcritical graphite assembly and special
neutron spectrometer were constructed, and re-
search equipment was modified to permit experi-
mental study of techniques developed at BNL in
heat transfer, metallurgy, and liquid metal tech-
nology. A reactor symposium to which seven full
mornings were devoted at the end of the course
served to integrate the material presented earlier.
Experts directly engaged in a number of the
AEC’s demonstration power reactor projects gave
the lectures in this symposium, which were open
to all Laboratory staff members. Discussion peri-
ods for the Institute members followed the lectures.
The interest and response of the group from the
engineering schools was most heartening, and the
Laboratory staff felt more than repaid for their
efforts to organize and present the program at
short notice.

At the request of the Atomic Energy Commis-
sion a Summer Institute will again be given in
the summer of 1957. Another group of 30 faculty
members from 26 different engineering schools
have accepted appointments. This Institute is
being sponsored by the American Society for Engi-
neering Education and the Atomic Energy Com-
mission.

CONFERENCES AND PUBLIC INFORMATION

Seven organized conferences were held at the
Laboratory during the past year: 1) Dynamics of
Proliferating Tissues, Sept. 5-8, attended by 37 in-
dividuals; 2) Resonance Absorption of Neutronsin
Nuclear Reactors, Sept. 24-25, attended by 43
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persons; 3) Molecular Beams, Oct. 5-6, attended
by 61 people from 20 institutions; 4) the Fifth
Tripartite Instrumentation Conference, Oct. 22-
26, attended by 37 persons, 5 from Great Britain,
2 from Canada, and 30 from the United States;
5) an AEC Computer Conference, April 29-30,
attended by 36 individuals; 6) Annual Meeting of
the Northeastern Section of the American Society
of Plant Physiologists, May 3-4, attended by 119
people from 42 institutions; and 7) the Tenth
Annual Brookhaven Biology Symposium, on
Homeostatic Mechanisms, June 12-14, attended
by 82 biologists from 41 institutions.

In addition, the Fifth Annual Naval Reserve
Seminar was held at the Laboratory between
May 26 and June 8, attended by 62 officers from
the Navy, Army, and Air Force Reserves. The
subject of the seminar was life sciences and atomic
energy.

During the report period the Laboratory was
also host to 51 professional groups consisting of
1527 individuals representing organizations in
this country.

In addition to the above there was a large in-
crease in the number of foreign visitors both in
groups and as individuals. In all more than 1300
professional, governmental, or industrial repre-
sentatives from foreign countries visited the Lab-
oratory for one or more days during the past year.

The annual Student Visitors’ Day, October 12,
was attended by 4151 students, and on Visitors’
Day, October 13, 3749 persons toured the Labora-
tory facilities. The attendance at these annual
affairs has increased by over 1000 persons in each
of the last two years.

Staff members have responded to 40 requests to
address organizations of lay and semiprofessional
audiences in the vicinity of the Laboratory.

The activities of the Public Information Office
increased during the past year because of the
heightened general interest in the peaceful appli-
cations of atomic energy and the widening areas of
unclassified research resulting from the AEC
declassification program. A number of television
and radio programs featured Brookhaven person-
nel in interviews. There was also an increase in
the volume of requests for general information, in
the number of interviews by representatives of
news media, and in the use of photographs for
publication in the popular press.

ADMINISTRATION

The organization of the Laboratory as of
August 1957 is given in Figure 1. The most impor-
tant changes are as follows.

Dr. Marvin Fox, Chairman of the Reactor De-
partment and a senior member of the scientific
staff since 1947, has resigned to accept an indus-
trial position. The Reactor Department will con-
tinue as the Reactor Division under Mr. Robert
W. Powell. The neutron physics group is being
transferred to the Physics Department, and re-
sponsibility for the meteorology work is being
tranferred to the Instrumentation and Health
Physics Department.

A Division of Applied Mathematics has been
established to meet the increasing demand by the
Laboratory research program for mathematical
and computational assistance and to provide a
central research effort for related mathematical
studies. Dr. Milton E. Rose, formerly associated
with the Office of Naval Research and the Insti-
tute of Mathematical Sciences at New York Uni-
versity, was appointed Head and assumed these
responsibilities in February.

As of July 1957 the Mechanical Engineering
Division will report directly to the Director’s
Office rather than through the Accelerator Devel-
opment Department.

FINANCE

Organizational costs, exclusive of the direct cost
of the Alternating Gradient Synchrotron and other
fixed assets, totaled $14,420,937 for fiscal year
1957, an increase over those of the previous year
of $2,556,854 (21.6%). The Laboratory’s research
programs accounted for $2,243,859 (87.8%) of the
increase. The cost of work for others, largely be-
cause the Wright Air Development Center under-
wrote shielding research for a full 12 months as
compared to 3 months in the previous year, in-
creased by $280,718 (11.0% of the total increase).
Organizational unit services for fixed assets in-

creased by $32,277 (1.2% of the total).

As in the past, the Laboratory research pro-
grams were supported by three Divisions of the
Atomic Energy Commission, the Reactor Develop-
ment, Research, and Biology and Medicine Divi-
sions, at a total cost of $13,687,791, an increase
over the pervious year’s costs of 19.6%. Of this in-
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crease $1,721,386 (76.7%) occurred in the direct
cost of research. Nuclear Engineering activities,
the LMFR in particular, accounted for $1,021,865
(59.4%) of the increase in direct research cost.
Of this $740,682 were expended on subcontracts
and special procurements incident mostly to the
LMFR Project.

Table 1, which will be found on the reverse of
the organization chart, shows in detail the operat-
ing expenditures on a broad organizational basis.
Labor costs continued to be the largest single item
of expense. These usually represent 70 to 75% of
total costs, but they fell to 68.5% during fiscal year
1957, largely because of the subcontracts and spe-

Table 2

Capital Equipment Expenditures and Commitments
(Including Charges from Organizational Units, See Table 1)

FY 1957 FY 1956 FY 1955
$ % $ % $ %
Scientific & hospital 1,066,359  79.0 582,430  80.5 401,494 754
Automotive & heavy mobile 98,725 7.3 40,894 5.6 36,056 6.8
Office machines & furniture 72,956 5.4 35,348 49 23,588 4.4
Shop equipment 70,003 5.2 49,843 6.9 39,116 7.4
Miscellaneous 41,630 3.1 15,298 2.1 32,183 6.0
Expenditures & commitments, Total 1,349,673 100.0 723,813 100.0 532,437 100.0
Proceeds from sales (16,107) (18,773) (21,770)
Expenditures & commitments, Net 1,333,566 705,040 510,667
Table 3
Costs Incurred for Fixed Assets
(Including Charges from Organizational Units, See Table 1)
FY 1957 FY 1956 FY 1955
Man-years Man-years Man-years
Costs Sci. Others  Costs Sci. Others  Costs Sci. Others
Alternating Gradient Synchrotron
Direct
Salaries, wages, insurance 585,480 26.5 60.5 492,460 23.5 47.5 417,880 24.5 45.0
Materials, construction, etc. 3,773,723 1,871,898 610,958
Subtotal direct 4,359,203 2,364,358 1,028,838
Charges from organizational units 125,031 117,697 138,764
Total 4,484,234 2,482,055 1,167,602
Other, Including Medical Research Center Reactor
Direct
Salaries, wages, insurance 39,273 2.0 3.0 10,565 1.0 0.5
Materials, construction, etc. 1,516,892 937,560 657,694
Subtotal direct 1,556,165 948,125 657,694
Charges from organizational units 93,618 69,201 63,318
Total 1,649,783 1,017,326 721,012
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cial procurements of the LMFR Project. The charts
and tables in Figure 15 show a breakdown of costs
by the major programs as well as by major cate-
gories of expenditures.

The capital equipment expenditures and com-
mitments for the past three fiscal years are given
in Table 2. Table 3 is a summary of expenditures
for fixed assets (plant and equipment) for the same
three-year period. Costs of the Alternating Gra-

dient Synchrotron are separated from those of the
other items.

During the past year the upward tendencies in
unit costs continued. Salary and wage rates in-
creased an average of about 11%. Although some
building materials decreased in cost, most cate-
gories of items and services used by the Laboratory
showed increases in unit costs ranging from about
5% to 40%, averaging about 10%.

BROOKHAVEN NATIONAL LABORATORY

BALANCE SHEET

June 30, 1957  June 30, 1956

ASSETS

Cash

Accounts receivable

Inventories

Advances, deposits, and prepaid items

Fixed assets (less reserves of $23,993,640 at
June 30, 1957 and $21,559,812 at June 30, 1956)

Construction in progress

Total assets

$ 777830 % 320,585

LiABILITIES

Accounts payable
Accrued payroll
Atomic Energy Commission

Total liabilities

128,065 95,444
372,783 336,646
209,122 223,209
34,614,893 36,248,769
9,201,338 4,554,371
$45,304,031  $41,779,024
$ 1,499,043 $ 910,341
88,757 78,265
43,716,231 40,790,418
$45,304,031  $41,779,024
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Physics

The research program in physics covers a wide
variety of experimental and theoretical studies on
the structure and fundamental properties of
matter. In most of the researches the basic ap-
proach to the problems involves some aspect of
the interaction of charged particles, neutral par-
ticles, or radiation with atomic nuclei. The energy
of the particles used extends from the very low
energies corresponding to the thermal motion of
atoms in solid matter up to 3 Bev for the protons
accelerated in the Cosmotron.

As improvements are made in experimental
techniques, the results obtained sometimes bring
out details not apparent in older investigations
which make it necessary to modify previous inter-
pretations. The theoreticians may also change
their approach to a problem or develop new ideas
which do not agree with previously accepted

formulations. An outstanding example of such a
situation occurred during the past year when two
visiting scientists at Brookhaven, T.D. Lee from
Columbia University and C.N. Yang from the
Institute for Advanced Study at Princeton, be-
came convinced that the accepted principle of
conservation of parity may not be true in all types
of nuclear interactions. Unlike an experimental
attack on a problem, the line of thought of a
theoretical development can rarely be illustrated.
In this case, however, the doodle pad used by Lee
(Figure 1) during his discussions with Yang pre-
sents to the initiated a rather artistic arrangement
of their principal points. Immediately after the
new pronouncement was made, experiments were
planned and performed at Brookhaven and else-
where which showed that the Lee-Yang ideas were
indeed correct.

Figure 1. Doodle pad used by T.D. Lee during the discussions with C.N. Yang while both were
visiting scientists at Brookhaven during the summer of 1956. These discussions led to their
questioning the conservation of parity in weak interactions.



Figure 2. This propane bubble chamber photograph
demonstrates the effectiveness of these instruments in
resolving complex processes involving short-lived parti-
cles: It shows the consequences of a collision of a 1.3-Bev
7--meson with a proton. At point A the reaction 7 +p—
2°46° took place. The §°-meson decayed at point B by
the process 8°>7* + 7, and the Z° decayed very near
point A by the process 2°—A°+y. The existence of the
A’ is revealed by its decay at point C (A°—>p+7), and
the existence of the y-ray is revealed by the electron pair
generated at point D.

Most of the researches in high energy physics,
nuclear structure, neutron physics, atomic and
molecular structure, and solid state physics con-
tinue to be centered about one or more of the ma-
jor facilities available at Brookhaven. The experi-
mental scientists use the Cosmotron, the 60-in.
cyclotron, the research Van de Graaff accelerator,
the 18-in. cyclotron, or the reactor as the source
of particles or radiation necessary for research.
The theoretical scientists conduct their investiga-
tions in close association with the experimenters
and provide stimuli to the search for new results
and new approaches to problems. Many visiting
and guest physicists from universities and other
laboratories, both from this country and abroad,
continue to make use of the BNL facilities and to

cooperate with BNL scientists in researches deal-
ing with the complex structure of matter.

HIGH ENERGY PHYSICS

The experimental work in high energy physics ex-
perienced an unfortunate interruption on January
24 when the Cosmotron had to be shut down for
repairs. One of the copper conductor bars of the
primary magnet coil failed, apparently because of
the repeated stresses to which it had been sub-
jected. While the resulting arc did only minor
damage, all experimental equipment, shielding,
sections of the vacuum chamber, and conductor
bars in the damaged quadrant had to be removed.
Resumption of operation for research purposes is
only now, six months later, getting under way.
Consequently the high energy research reported
below is based on experiments performed up to
about February 1957.

High Energy Research

One of the most productive experiments was an
investigation of the unstable neutral particles pro-
duced by negative pions in a propane bubble
chamber. This was carried out by a group from
Columbia University, with members of the Brobk-
haven staff collaborating. Analysis of the pictures
obtained gave the following information about
hyperons and heavy mesons. The existence of the
neutral form of the sigma hyperon, 2°, was estab-
lished with certainty, together with its decay into
two neutral particles, a lambda hyperon, A°,
and a gamma-ray. The decay of A° into two
neutral particles, a neutron and a pion, 7°, was
discovered. Strong evidence was found for the de-
cay of the neutral K-meson, 8°, into a pair of neu-
tral pions. The mean lives of both A° and 6° were
determined with better precision than heretofore.
Finally, this experiment confirmed indirectly the
existence of the long-lived neutral K-meson, 6,°,
the discovery of which was reported last year. Ac-
cording to the concept of associated production,
every neutral hyperon must be accompanied by a
neutral heavy meson. Only half as many 6°-mesons
as neutral hyperons were in fact observed, which
suggests that in half the events the 6,°-meson was
produced but escaped from the bubble chamber
unobserved because of its long lifetime.

The investigation of the characteristics of this
neutral K-meson, #,°, has been continued with




the cloud chamber from Columbia University.
The mean life of this particle has now been estab-
lished as relatively long, of the order of 107 sec.
These #,°-mesons have been observed to decay
into a pion, muon, and neutrino; into a pion,
electron, and neutrino; and into three pions.

In nearly all the associated production experi-
ments performed in the past the high energy
particles producing the events were negative pions.
Recently, however, attention has been directed to
the process of associated production by high energy
protons, and the results so far obtained are con-
flicting. A hydrogen diffusion chamber experiment
and a counter experiment showed the cross section
for the production of neutral hyperons and neutral
heavy mesons from proton on proton collisions to
be almost zero. Another counter experiment and
an emulsion experiment gave results indicating
that the cross section for the production of positive
K heavy mesons from proton on proton collisions
is appreciable. Since there is no known reason why
positive K-mesons should be formed much more
frequently than their neutral counterpart, an
interesting discrepancy remains to be clarified.
The Princeton and MIT multiplate cloud cham-
bers have been used to study the production of
hyperons and heavy mesons by protons and nega-
tive pions in carbon, iron, and lead. A suitable
number of cloud chamber photographs have al-
ready been taken and are now being analyzed.
These studies may help to resolve this discrepancy.

Negative pions with energies between 0.6 and
1.4 Bev have been used to explore the size and
opacity of such nuclei as C, Al, Ca, and Pb. Ob-
servation of the absorption and scattering of pions
by these nuclei gave values for the radii about 6%
larger than those obtained by using electrons in-
stead of pions. The experiment also favored a
radially diminishing distribution of nucleons
rather than one which remained uniform to the
edge of the nucleus.

Soon after the breakdown of the law of con-
servation of parity had been established, a con-
firming experiment was performed at the Cos-
motron with a hydrogen bubble chamber. In this
experiment the angular distribution of the decay-
ing electrons was observed directly, and an asym-
metry expressed by the relation (1 —0.25 cos ) was
found. Parity cannot be conserved if the angular
distribution of electrons emitted from muon decays
Is asymmetric.

The production and interaction of positive and
negative K-mesons were studied by nuclear emul-
sion techniques. The threshold for the production
of negative K-mesons was found to be about 0.7
Bev higher than that of positive K-mesons. This
result confirms the production scheme of Gell-
Mann and Pais, which states that a negative K-
meson must be made together with a positive K-
meson, whereas the positive £-meson can be made
in association with a hyperon. Observation of the
interaction of negative and positive K-mesonsin
passing through the emulsion showed the inter-
action cross section for the negative meson to be
somewhat greater than geometrical and that for
the positive meson to be %2 to %5 geometrical.

The results of studies on the production of
nuclides in bombarding complex nuclei with high
energy protons are described in the Chemistry
section of this report.

Cosmotron Operations — Experience and Plans

The Cosmotron was operated successfully for
research purposes on a basis of three shifts per day
for the first seven months of this report year. One
interruption occurred in October when a bolted
connection came open between copper strips in
the rotor of the generator. After this was repaired
and operation resumed, especially high average
intensity circulating beams were produced, which
caused high radiation background in the control
room in spite of increased shielding. For the first
time in the operation of this machine it became
necessary to limit the running time of an experi-
ment in order to keep the exposure of the operators
below prescribed levels. This highly satisfactory
operation of the Cosmotron was interrupted on
January 24 when an open circuit occurred in the
magnet coil. This is the second accident of this
kind. The previous one (November 5, 1954) was
due to a water leak in the cooling system. This
second failure was traced to a fracture in one of
the copper bars at a right-angle bend near the end.
These copper bars experience heavy mechanical
stress, particularly near their ends, which results
in some mechanical motion. This apparently work-
hardened the copper and eventually caused frac-
ture. All the copper bars and the vacuum chamber
had to be removed from the second quadrant. Six
months elapsed before operation could be resumed.

In repairing the broken conductor bar steps
were taken to prevent a recurrence of this type



of failure. The supporting members of the coil
structure were modified to relieve the stresses at
the point of failure. Moreover, new supporting
members that wedge the coil tightly against the
back of the gap were made adjustable from outside
the magnet, so that, as the coil becomes compacted
during operation, they can be kept tight in order
to minimize motion and resulting metal fatigue.
These same modifications were applied in the
other three quadrants.

Advantage was taken of the enforced shutdown
to make other improvements. The sand under the
Cosmotron floor was reinforced to support ad-
ditional heavy shielding. The ion source assembly
in the injection Van de Graaff was modified to
produce a more intense proton beam. An addi-
tional window was provided in the second quad-
rant vacuum chamber for the emergence of a
second external beam that will be used primarily
for the production of high energy pion beams. A
new pulsing circuit was constructed for the de-
flecting magnet of these two external beams, which
will permit diversion of one portion of a single
pulse of the internally circulating protons out of
one exit port, and then, after a few revolutions,
diversion of another portion out of the other port;
thus concurrent experiments with both external
beams will be possible.

Interest in high energy physics is increasing, as
shown by the number of physicists doing research
at the Cosmotron. In July 1957, 26 physicists from
BNL, 34 from the Universities, and 29 graduate
students were awaiting their turn at the high en-
ergy beams. The demand for running time is great-
er than ever, and it is an exasperating problem
to limit the number of experiments so that ade-
quate running time exists to complete an investiga-
tion within a reasonable period, once it has been
undertaken. Experiments now require much more
elaborate apparatus in the form of electromag-
nets, hydrogen targets, bubble chambers, etc., than
they did two years ago. More quantitative ob-
jectives require intense external beams and better
shielding as well as more running time. The num-
ber of people needed to carry out a typical experi-
ment has increased. Some of the efforts and plans
made to meet this situation are described below.

The most easily interpreted phenomena in-
volving the production and interactions of mesons
and hyperons are those that arise from single
nucleons such as protons. For this reason a hydro-

gen bubble chamber is an extremely effective de-
tecting instrument, since the region of interactions
contains nothing but protons. Even complicated
interactions can be analyzed with accuracy. Be-
cause of the great interest in using these instru-
ments, two hydrogen bubble chambers are now
under construction. The larger one will have
dimensions of 20 X 10 X9 in. and will operate in
a magnetic field of 17,000 gauss; the smaller, an
active volume of 14X 14X 8 in. in a field of 15,000
gauss. They should be in operation early in 1958.

An extension of the present Cosmotron experi-
mental area has been planned. An addition ap-
proximately 100X 200 ft, equipped with a heavy
crane, will be connected to the present structure
in a position such that external beams from the
Cosmotron can pass over the new floor area. These
beams will be directed in turn to different points
on the floor, so that several experimental setups
can be independently shielded and operated. This
will bring the high energy protons to the experi-
mental equipment in contrast to the more usual
method of bringing the experimental equipment
to the beams. By switching the proton beam from
experiment to experiment it is anticipated that
more nearly continuous operation of the Cosmo-
tron will be realized. The addition, when com-
pleted, should increase markedly the effective use
of the Cosmotron, which is now seriously handi-
capped by lack of space in which to set up the
various complicated equipments.

NUCLEAR STRUCTURE

Research on nuclear structure may be divided
into two broad classifications: studies of the char-
acteristics of unstable nuclei produced by nuclear
interactions, and the study of the instantaneous
products of a nuclear interaction. Observation of
the way in which an unstable nucleus is produced
and the way in which it decays into a stable nu-
cleus (radioactive decay) gives information about
the characteristics of both the original unstable
nucleus and the final stable nucleus. Measure-
ments are made which identify the types of parti-
cles or radiation emitted by the unstable nucleus,
together with their energies, systematics, and char-
acteristic decay time. Analysis of the data yields
information as to the structure and properties of
nuclei.

Studies of the instantaneous products of a nu-
clear reaction involve identification of the types



of particles or radiation yielded by the interaction
and measurements of their energies and system-
atics. The term, instantaneous, is used here in a
relative sense, and applies to those reaction prod-
ucts which follow the interaction of a particle or
radiation with a nucleus in a time too short to be
readily resolved with existing techniques. Such
measurements again provide information on the
energy level structure of nuclei and on the funda-
mental phenomena of nuclear interactions.

One of the most important recent contributions
to the theory of 8 decay comes from the discovery
that the principle of conservation of parity does
not hold in certain cases. The nonconservation of
parity leads to the conclusion that the electrons
emitted in 8 decay are longitudinally polarized
with their spins antiparallel to their direction of
emission. This suggested that, if the electrons are
polarized, the x-rays produced by these B-raysin
matter (bremsstrahlung) should be circularly
polarized. This question was investigated in some
detail from both experimental and theoretical
points of view. It has been demonstrated that
x-rays produced by B-rays are circularly polarized
to a high degree. The principle of the analysis of
the circular polarization of the x-rays is based on
the existence of a spin-dependent part of the
Compton cross section. The sense and magnitude
of the circular polarization of the x-rays was in-
vestigated by measuring their transmission in iron
magnetized either in the direction of propagation
of the x-rays or opposite to it. A definite difference
in absorption in the magnetized iron was found
(Figure 3), which indicates nearly complete circu-
lar polarization of the x-rays.

The nonconservation of parity in weak inter-
actions has stimulated the theoretical investigation
of the scattering of polarized fermions. For longi-
tudinally polarized fermions three cases have been
worked out: electron-electron, positron-electron,
and p-meson-electron scattering. In addition, the
theory of scattering of polarized high energy p-
mesons, which has been given for a point charge
by Mott, is being extended to finite charge dis-
tributions for application to scattering from heavy
nuclei.

New problems have been raised in the theory
of B decay by the principle of nonconservation of
parity. In an allowed B decay process, the inter-
action terms can be classified as those obeying
either the Fermi or Gamow-Teller selection rules,
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and it is important that a dependable value be
obtained for the ratio of the Fermi to Gamow-
Teller coupling constants. The ratio of these
coupling constants can be determined from a
systematic study of the comparative ft values of
two groups of 8 -active nuclei: the 0 — 0 transi-
tions which obey only Fermi selection rules, and
the “doubly closed shell =1 nucleon” mirror
transitions which obey both sets of rules. Of the
six existing nuclei comprising the latter group, the
decay properties of only three (n, H?, and F'*) have
been previously measured with any precision. The
collection of data for the determination of 8
decay coupling constants is continuing undera
program of research jointly sponsored by Colum-
bia University and Brookhaven. The 8 spec-
trum, half-life, and comparative ft value for O
measured under this program were reported in the
last Annual Report. The remaining two nuclei in
this “closed shell 21 nucleon” group are Ca®* and
Sc*'. These activities have been produced at the
BNL 60-in. cyclotron by the reactions K**(p,n)Ca3®
and Ca*’(d,n)Sc*’. To minimize the neutron in-
duced background in measurements of these
short-lived activities, a fast pneumatic shuttle
system was constructed. The targets are trans-
ported within 1 sec to a low background area lo-
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Figure 4. Experimental evidence for rule
concerning isomeric ratios.

cated 50 ft from the bombardment position at the
end of the external beam pipe of the cyclotron.
Preliminary measurements on Ca®® with the BNL
thin-lens spectrometer gave a spectrum end point
of 5.45 Mev. The half-life of the activity is 0.90 sec,
and the decay appears to be a simple super-
allowed transition, as no y-rays above 0.6 Mev
were detected with a NaI(Tl) scintiilation spec-
trometer. The decay of Sc*! will be investigated as
soon as the measurements on Ca’® are completed.

A number of studies have been made of the sys-
tematics in the characteristics of isomeric states in
nuclei. One of these dealt with the production of
two isomeric states in nuclei by radiative neutron
capture. It has been known for some time that the
relative cross sections for radiative neutron capture
leading to two isomeric states in a given nucleus
are such as to favor the formation of the isomeric
level with spin closest to that of the compound
nucleus. Data published for the nucleus Ge™ made
this isotope appear to be an outstanding exception
to the rule. Its cross sections were therefore re-
measured, and the new results agree with the rule
as shown in Figure 4.

The existence of groups of even-even nuclei oc-
curring between the magic nuclei and the rota-
tional regions, which have been characterized as
“near harmonic,” has been pointed out in previous
annual reports. It has also been shown that fairly
abrupt transitions occur between these and the
rotational regions at 88 < N<90 and at 86 < P<88.
The third transition, occurring between Os**® and
Os'*?, was studied experimentally. It was found
to be much more gradual than the others, so that

the lowering of the second vibrational (24-) level,
with simultaneous increase of the rotational level
energies, could be observed. The 4+ level crosses
the second vibrational 2+ level at about Os'**. In
Os'*° a spin sequence 0, 2, 4, 6, 8, all of even parity,
has been established. The energy ratios of these
levels, however, differ greatly from the propor-
tionality with I(J+1) which is characteristic of
rotational nuclei. The theoretical study of this
level scheme should furnish a valuable clue to the
nature of the transition nuclei. The isomeric transi-
tion discovered in Os'*°™ was shown to be of the
rare “K-isomeric” type.

Further investigations on radioactive sources
have been carried out with the intermediate-image
pair spectrometer by using an electron-electron
coincidence facility. In the decay of Y*° the half-
life of the 1.75-Mev 0 + first excited state of Zr®°
has been measured as 6 X 107* sec. Thin-window
counter techniques were developed and used to
establish the energies and conversion line inten-
sities of isomeric transitions in Os*** and Os'*".
Other activities studied included O**, Se™, Rb®*,
Ga™, Hf'*°, Au™®* Au'® and Au'®*.

The charged particles accelerated in the Van de
Graaff accelerator have been used to study nuclear
energy levels in a number of interesting nuclear
reactions. Among the cases investigated were the
low-lying states in N'® excited in the reaction
N'(d,p)N'® and observed by scintillation counter
detection of the subsequent gamma radiation. The
results were consistent with the positions of levels
observed previously by particle detection, but the
new information allows the spins and parities of
the first three excited states to be assigned. The
results are in good accord with the theoretical shell
model predictions of J.P. Elliott.

An interesting study has been made of the 2.14-
Mev first excited state of B''. Previous measure-
ments of the B'°(d,p)B** stripping pattern had
suggested that the spin of the 2.14-Mev state
should be 3/2 J<9/2 according to the usual
stripping theory. In the present study the Doppler
shift method was used in the B''(p,p")B"* reaction
to show that the lifetime of the 2.14-Mev state is
<4 %10 "* sec. This fixes the transition as magnetic
dipole and shows that the spin of the level must
be %2. Consistency with the stripping result is
possible only if the departing proton emitted in the
reaction flips its spin so as to transmit an additional
unit of angular momentum to the nucleus. This



newly suggested process has been designated “spin-
flip stripping.”

A series of studies has been made on isotopic
spin selection rules including investigations of the
decays of the 9.58-Mev state in O, the 8.06-Mev
state in N'*, and the first excited states of Be” and
Li". In the O*f case the 9.58-Mev level was excited
in the C'?*(a,y)O® reaction. Since the state is 1 —
and 7=0, emission of electric dipole radiation to
the 0+ and T=0 ground state should be forbidden
by selection rules. However, 9.58-Mev gamma
radiation was observed, which shows that either
the ground state or the 9.58-Mev state is con-
taminated with a small 7=1 component. Con-
tamination of the 9.58-Mev level could be ascribed
to a mixing-in by the Coulomb perturbation of
the T=1 state at 13.09 Mev.

An arrangement has been installed in the re-
search Van de Graaff accelerator which produces
a pulsed beam of the accelerated particles. The
pulse duration is about 5 musec with a repetition
period of 125 mpusec. By use of this pulsed beam
facility, the lifetime of the 0.72-Mev first excited
state of B’ has been measured as 1.07 2=0.1 mpusec
by detection of the delayed gamma radiation.

Also at the research Van de Graaff a measure-
ment of the polarization of protons scattered by
He* is being made with a specially constructed
scattering chamber. Analysis of the polarization
occurring in an initial scattering event is accom-
plished by measuring the angular asymmetry in
a second scattering in He* as recorded on two
photographic plates.

Two guest scientists from Columbia University
are studying the interactions of deuterons with
nuclei by using the focused beam of deuterons ac-
celerated in the 60-in. cyclotron. A careful search
has not disclosed any low energy proton group
He?(d,p)He** which would indicate an excited
state in He*. In the He?*(d,p)He* (ground state)
reaction a broad distribution of protons was ob-
served at energies corresponding to three-body
breakup, but with a spectrum in bad disagreement
with that calculated from phase space integrals
on the basis of isotropic breakup in the center of
mass. This will be investigated further. The angu-
lar distribution of the He*(d,d)He® reaction has
been measured. It has a minimum at 67.5+22.5°
(center-of-mass angle) and a maximum at 90°
(c.m. angle). These features are reproduced by a
curve calculated for optical model scattering of a

spinless, chargeless, mass two particle from a 42-
Mev potential well with a radius of 1.99 fermis and
no imaginary part. This correspondence is being
checked at backward angles.

The (d,a) reactions on nitrogen leading to the
ground state and several excited states of G'* have
also been studied. Since the Bohr assumption states
that true compound nucleus breakup is independ-
ent of the mode of compound formation, a com-
parison of the angular distributions of the decay
products from intermediate states formed by dif-
ferent routes should have a bearing on the valid-
ity of the assumption. The data obtained on the
C'2(a,a")C'** reaction exhibit an oscillatory char-
acter which differs from published results; there-
fore, the reaction is believed to proceed by a direct
pickup or knockout process. The cross section ob-
served at a deuteron bombarding energy of 20.9
Mev varied between 0.02 and 0.2 mb/st for the
ground and third excited state groups, but was 5
times larger for the first excited state and less than
0.01 mb for the 7.6-Mev state of C*2. Elastic deu-
teron scattering from the N'* gas target was also
studied.

NEUTRON PHYSICS

Research dealing with the interactions between
neutrons and matter continues to be the source
of much information pertaining to the character-
istics and properties of atomic nuclei. The neu-
trons used in this research range in energy from
millivolt subthermal neutrons available from the
reactor to Bev neutrons available from reactions
produced by the 3-Bev protons at the Cosmotron.
This wide range of energy requires the use ofa
great variety of techniques. As techniques are im-
proved and new ones are developed, the details
of neutron interactions can be studied with higher
precision and in greater quantity. As a result, the
theories of atomic and nuclear structure can be
developed to higher orders of reliability in the
interpretations and predictions of the properties
of matter.

In a continuing program of research at the
reactor, the slow chopper is used for studies with
neutrons in the subthermal energy region. This
chopper breaks up the beam of neutrons from the
reactor into short pulses in order that neutrons
of different energies may be separated by time-of-
flight techniques. The cold neutron facility at the
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Figure 5. Time-of-flight spectrum of neutrons inelastically scattered from vanadium.

top of the reactor has been completed, and the
flux has been increased by a factor of 25 over that
of the previous facility. This increased flux has
made possible better resolution of the slow chopper
in the study of the scattering of long wavelength
neutrons by crystalline materials. Since the ener-
gies of the neutrons available from the cold neu-
tron facility are very low compared to the energies
of atomic vibrations in crystals, the slow chopper
and associated equipment provide a means for
studying the vibrational modes in crystal lattices.

The spectrum of neutrons inelastically scattered
from vanadium has been remeasured with the im-
proved resolution, and two clearly resolved peaks
have been observed. Figure 5 shows the time-of-
flight neutron spectrum, including the low energy
elastic peak at the extreme right. These results are
directly related to the frequency distribution of
lattice vibrations in vanadium. The details of the
spectrum may therefore be of use in determining
the nature of interatomic forces.

Several moderator materials have been exam-
ined to determine which vibrational modes are
important in energy exchange with neutrons.
Zirconium hydride, for instance, exhibits a sharp
vibrational mode at 0.14 ev, as well as a contin-
uous distribution of modes at lower energies.

Because lattice vibrations play an important
role in the theory of semiconductors, a single crys-
tal of germanium was studied. The scattering of
neutrons in a given direction from a single crystal

with one atom per unit cell produces discrete
peaks whose energies vary with the orientation
of the crystal. At least one peak has been found in
germanium, however, whose energy remains con-
stant, independent of crystal orientation. This
peak results from the interaction with an optical
mode. This type of vibration, which appearsin
crystals with more than one atom per unit cell,
is a high frequency vibration with frequency
relatively independent of neutron wavelength. A
systematic study of the scattered neutron spectrum
as a function of crystal orientation is now under
way.

A fast chopper is used to carry out a continuing
program of research with reactor neutrons in the
energy range from thermal up to several kilovolts.
A 1000-channel analyzer is in routine operation in
this program, with a number of minor improve-
ments added to make it more reliable. Accurate
graphical methods of data handling have been
developed to facilitate analysis of the greater
volume of data. The ZnS-B,0, scintillation de-
tector used with this fast chopper has been modi-
fied to eliminate the background composed of the
beam neutrons which pass through the scintillator,
moderate in the phototube bases, and return to
the scintillator to be detected with higher efhi-
ciency at a later time. This was done by placing
=0.25-in.-thick transparent discs of B,O, between
the phototubes and the scintillator. The discs
effectively absorb the delayed and moderated



Figure 6. The bank of 64 ZnS-B,O, scintillation
detectors used with the fast chopper.

Figure 7. An exploded view of one unit
of the ZnS-B, O, scintillation detector.
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neutrons and only slightly reduce the light from
the scintillator. Figures 6 and 7 show the bank of
64 scintillators used with the fast chopper and an
exploded view of one of the scintillators with the
transparent B,O; disc.

In the research program with the fast chopper,
emphasis is on measurements of particular interest
in connection with current theoretical models of
the nucleus. One such measurement is the strength
function, or the ratio of the average reduced neu-
tron width T,° to the level spacing D. This ratio
has been measured for a number of elements and
separated isotopes whose atomic weights range
between 100 and 240. Some of the measurements
were performed by detailed resonance analysis.
If enough resonances in a single isotope are
analyzed, an average neutron width and level
spacing may be obtained, but the statistical ac-
curacy of the results is almost always seriously
limited by the number of levels available for such
detailed analysis. In order to determine the
strength function more accurately, a method was
devised in which measurements are made in the
kev region, where the instrumental resolution
averages over many unresolved resonances. In this
case it can be shown that the transmission of a
thin sample is given by

13x10* T,°
T: 050t 1— s S 3

‘ [ ""VE D ]
where 7 is the sample thickness in atoms/barn,
0,0¢ is the potential scattering cross section, and £
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Figure 8. A comparison of the observed strength functions and the predictions of
the “cloudy crystal ball” optical model. The dashed line labeled “black nucleus”
refers to the value of the strength function that a nucleus would have if it formed
a compound state from every neutron that enters it.

is the neutron energy expressed in kev. The sim-
plicity of the measurement is illustrated by the
fact that the slope of the transmission plotted
against time-of-flight (or 1/4/ E) gives the strength
function directly. The intercept at zero time- of-
flight gives the potential scattering cross section,
although it is not obtained with great accuracy
for thin samples. Figure 8 shows the results of
strength function measurements by both methods
compared with those of other laboratories and
with the predictions of the “cloudy crystal ball”
optical model of the nucleus. The data shown in
this figure are an extention of those shown in the
last Annual Report, together with additional
theoretical calculations. The theoretical compu-
tations were performed by Feshbach, Porter, and
Weisskopf.

A theoretical investigation has been made of
the “strength function” for low energy neutron
scattering by nonspherical nuclei. A qualitative
understanding of spheroidal nuclei was achieved
by a perturbation theory calculation, and a nu-
merical computation at the NYU Computing
Facility is in progress for “pear-shaped” nuclei.

Another aspect of the research program with
the fast chopper has been the measurement of the
potential scattering cross section for a number of
elements. This was done by carefully correcting
the cross section observed between resonances for

the effects of nearby resonances, and by an averag-
ing method similar to that outlined above for
determining the strength function. Figure 9 shows
these results compared with the theoretical pre-
diction of the “cloudy crystal ball”” model.

The resonance analysis for the separated
isotopes of dysprosium has also been performed.
About 55 levels were found and analyzed in Dy*®*,
Dy*¢?, Dy*¢®, and Dy'®‘. Table 1 shows the results
for the first few levels.

Crystal spectrometers are important tools in
the studies with reactor neutrons. They are used
to produce highly monoenergetic beams of slow
neutrons and to analyze in fine detail the energy
distributions of slow neutrons in cross section
measurements. Because of the high energy resolu-
tion attainable with a crystal spectrometer, it is
possible to study neutron resonances and neutron
cross sections over narrow energy ranges. In one
of the research programs in which this technique
is used, the fission cross section of U?3® has been
studied extensively. It has been clearly established
that a multi-level formula is required for fitting
the fission component of the resonances, while a
single-level formula is adequate for the capture
component.

A new program has been started which will
take advantage of the crystal spectrometer tech-
nique. This program is designed to determine the

.,

————




Table 1
Dysprosium
Isotope E, (ev) I’y (mv) T, (mv)
163 1.71 103=10 1.48 =£0.12
161 2.72 11910 0.615+0.02
161 3.69 124415 1.62 =*0.15
161 4.33 0.96 *+0.18
162 5.45 17545 185 =£35

angular momentum associated with neutron
resonances. This will be accomplished by measur-
ing the cross section of a target in which the nuclei
are partially polarized by using a polarized mono-
chromatic neutron beam. The production of
polarized nuclei requires ultralow temperatures
(0.01°K) and strong magnetic fields (20,000
oersted). The problem will be approached in two
phases. The first phase has been started by de-
signing and constructing a low temperature cryo-
stat for the system which will produce the polar-
ized nuclei. Later this same system will be used for
the study of radiations from polarized radioactive
nuclei. At the same time plans are being made for
the system to produce polarized monochromatic
neutron beams. The second phase of the project,
which will begin in the coming year, will combine
the polarized target and polarized neutron beam
on a spectrometer beside the reactor.

A program of neutron spectroscopy is being
conducted under the cooperative research pro-
gram of Columbia University and Brookhaven.
A single-crystal neutron spectrometer located at
the BNL reactor is used to measure cross sections
over the energy range from 0.0005 to 20 ev.
Particular emphasis is given to high precision
cross section measurements for comparison with
various nuclear theories and to specific problems
of interest for reactor development and for the
standardization of neutron cross section measure-
ments.

In the former category, a new determination
of the strength of neutron-electron interaction is
being made by measuring the variation in neutron
transmission of a highly purified sample of liquid
bismuth in the energy range between 0.1 and 4.0
ev. Measurements have been taken at sample
temperatures of 300° and 500° C. After correction
for the capture cross section of bismuth and the
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Figure 9. The results of the measurements of potential
scattering, displayed as R’ =/ 0,,,/47, shown together
with the theoretical predictions based on the “cloudy
crystal ball” nuclear model.

effect of liquid diffraction, an average value of
4.290.14 kev was obtained as the depth ofa
square well potential with radius equal to the
classical radius of the electron. The error assign-
ment is the standard deviation arising only from
statistical fluctuations. Further measurements are
planned to evaluate any small consistent errors
which may have affected the results.

The 2200 m/sec capture cross sections of gold
and boron have been redetermined. Precise values
for these cross sections are important as these ele-
ments are often used as reference standards in
various neutron experiments. The thermal capture
cross sections of gold and boron were found to be
98.8 0.3 b and 756 %6 b, respectively, based
upon measurements of the total cross section be-
tween 4.0 A and 11.5 A neutron wavelength.

The scattering cross section of vanadium is al-
most completely incoherent and for this reason
is also often used as a reference standard for neu-
tron experiments. In the measurements of liquid
bismuth for the neutron-electron experiment, a
sample of solid vanadium was run parallel with
each bismuth transmission measurement. The
total cross section of vanadium taken from these
data over the energy range from 0.10 to 4.0 ev
fits a straight line. The absorption cross section at
2200 m/sec was 4.98+0.02 b, and the bound
scattering cross section was o; , [(A+1)/4]*=5.13
#+0.02 b. The neutron transmissions of samples
of C, Si, Mg, Y, Nd, Cd, Pb, Be, and BeO were
also measured for various problems.
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A direct measurement of the absolute fission
cross section of U*** has also been undertaken by
the Columbia group, because previous measure-
ments of this quantity for U**® and other fission-
able isotopes have not been entirely consistent
with values deduced from the ratio of the total
cross section and the ratio of fission to absorption.
A new method is proposed for the measurement,
which, from an analysis of the factors involved,
is expected to give the absolute fission cross sec-
tion to an accuracy of about 1%. The apparatus,
which has been constructed for the experiments,
consists of two multiple plate ionization chambers,
one with plates covered with a very thin evapo-
rated film of B'® and the other with plates electro-
plated with U***. The intensity of the mono-
chromatic neutron flux in the beam from the crys-
tal spectrometer will be measured with the boron
ionization chamber and the quantity of material
electroplated in the U?** chamber by a trans-
mission measurement, and the absolute number
of fissions produced will be determined by count-
ing the fission fragments in the ionization cham-
ber. The measurements will be taken at neutron
wavelengths between 4.0 and 11.5 A with the aid
of the recently developed neutron filters and the
mechanical neutron velocity selector, which re-
move second and higher order neutron reflections
from the mica crystal monochrometer of the
spectrometer.

Studies of nuclear interactions involving neu-
trons with energies higher than those available
at the reactor are being conducted at the 18-in.
cyclotron and the 60-in. cyclotron. The energy
of the protons accelerated in the 18-in. cyclotron
was increased from 2.5 to 3 Mev by correcting the
shape of the magnetic field. The energy stability
of the cyclotron has been improved by the in-
troduction of an automatic frequency stabilizer,
with the result that the fluctuation in energy is
reduced to as little as +9 kev out of 3 Mev. With
the increased proton energy and stability it has
been possible to study the neutrons from the
Cu®*(p,n)Zn®® reaction. The energy balance for this
reaction is measured to be Q= —2.148 Mev. Three
neutron groups are observed which correspond to
the ground state and two excited states. States at
about 100 and 200 kev above the ground state
have been reported in the literature as the result
of gamma-ray studies on this reaction. The time-
of-flight technique used here gives the energy level

assignment unambiguously, since the neutrons of
different energies are observed simultaneously. In
addition to the 100 and 200-kev levels, an excited
state at 50 kev has been reported by others. Evi-
dence for this state is observed in these experi-
ments, although the energy resolution obtainable
is not sufficient to resolve the neutroas from this
level. In addition to the ordering of the energy
levels, data were obtained on the angular dis-
tributions for the neutrons in the three groups.

The exploitation of the beam bunching in the
60-in. cyclotron and the isolation of single bunches
by deflector pulsing has continued in connection
with the use of the cyclotron beam to produce neu-
trons in studies involving time-of-flight techniques.
The considerable background of gamma radiation
from deuteron reactions in the cyclotron has made
it difficult to perform good experiments with neu-
trons in the kev energy region. Resonances in
fluorine at 50 and 100 kev were detected, but nar-
rower resonances in heavier elements would pre-
sent much more difficulty. However, for neutrons
in the 3 to 25-Mev region a different detector is
used and the background has been reduced to
about 4%. Measurements of the cross section of
carbon (with pronounced resonance structure),
aluminum (with some structure) and bismuth
(with little resonance structure) are being made
with a resolution of less than 1 mpusec/m.

ATOMIC AND MOLECULAR PHYSICS

The mass synchrometer, described in previous
annual reports, has been used to measure with
high precision the doublets C;D,-C,D, and CD,-
D,O and thus to obtain values for the masses of
C'2 and D. A scheme was devised for obtaining
mass defects without using any dissociation ions
which eliminates the possibilities of systematic
error due to differences in initial kinetic energy
between ions formed by dissociation and ions
formed by simple lonization. The “best values”
for the ten doublets at mass 20 (including CD,-
D,O) involving the ions A****, Ne***, D,O", ND,’,
and CD,* (all of which are parent ions) were ob-
tained by weighted least squares adjustment of
the ten measured values. The following mass de-
fects expressed in uMU were obtained: D=
14,739.974+0.032; C**=3814.58+0.10; N"=
7524.50+0.10; Ne*°=—1204.48=+0.13; A*'=
—24.903.560.33. Each doublet was measured



between 20 and 100 times under various condi-
tions over a period of several months with half-
width resolution of about 20,000. Errors are
estimated probable errors of the means.

The techniques of atomic beams and paramag-
netic (electron) resonances are being used in the
continuing nuclear moments research program.
The objectives of this program are to obtain highly
precise measurements of the spin, magnetic, and
higher moments of atomic nuclei. Particular em-
phasis is being placed on studies with radioactive
nuclei. The paramagnetic resonance spectrum of
V*® has been studied with a sample in which the
concentration of V** was of the order of one part
in 100 relative to the stable isotope V®'. The

- measurements appear to give a value of 7/2 for
the nuclear spin and a ratio of the magnetic mo-
ment of V*° to that of V! of 0.867. Work is con-
tinuing on this problem.

Modification of the atomic beam apparatus is
continuing in order to permit measurements of
nuclear magnetic moments to be made to a pre-
cision of one part in a thousand. When the modifi-
cation is completed it will, therefore, be poss'iblc
to observe hyperfine structure anomalies. The
details of magnetic spectra will be measurable to
a precision of one partin 107. Most of the parts
necessary for the modification have been com-
pleted and tested. A few electronic components
remain to be completed.

SOLID STATE PHYSICS
Structure of Solids

The neutron diffraction program of the Physics
Department is concerned mainly with structural
studies on magnetic, ferroelectric, and antiferro-
electric crystals. Progress can be reported on
specific problems as well as in developing new
experimental techniques.

It was pointed out last year that an important
advance in experimental technique has been the
development of polarized neutron beams for re-
fined structural studies of magnetic materials.
Polarized neutron beams of 95% polarization have
now become available by use of a cobalt-iron
single crystal as the monochromator. The polari-
zation state of neutrons can be reversed by the
application of an oscillating magnetic field along
the beam direction at the crystal.

The enhancement of the magnetic scattering
effects, which results from the use of polarized neu-
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trons, has been used to measure the magnetic form
factor of nickel out to a value for 4wsinf/A of
around 9.0. The nickel form factor, although it
exhibits the typical fall - off with increasing
4msind/A, does not appear to decrease as rapidly
as the form factor previously measured for iron.

The theory of neutron scattering by a magnetic
single crystal predicts a probability of neutron
flipping for Bragg scattering from magnetic ma-
terials which depends on the relative orientation
of the crystal magnetic axis and the polarization
direction of the incident beam. This flipping has
been observed in Cr,O, and a-Fe,O; and has been
used to determine the direction of the moments
within these crystals with respect to the crystallo-
graphic axes. A further study was made of the
effects of a magnetic field on the spin orientation
in a-Fe, O, by using this same effect.

Further experimental advances are represented
by the installation of a second single-crystal neu-
tron spectrometer and the construction of a low
temperature system for separating out the mag-
netic scattering from the nuclear scattering in neu-
tron diffraction patterns. The new spectrometer
is now being used in the initial phase of the struc-
ture analysis of orthorhombic a-Pb(N;),. This
first phase involves the collection of (4£0) diffrac-
tion data which are sufficient to determine the x
and y parameters of the constituent atoms. The
low temperature system is of use in observing the
effects of magnetic fields on substances of low
Curie point as well as in the study of the behavior
of the magnetic contributions to the diffracted
peaks as a function of temperature. An example is
the study of the saturation magnetizations of the
individual sublattices in ferrimagnetic substances.

The determination of the structure of ferro-
electric Rochelle salt, in progress for some time,
has been carried to its final stages. Refinement of
the structure is based on diffraction data from
deuterated samples and the use of reiterative least-
squares machine calculations (IBM-704). In addi-
tion, an alternate approach to the problem was
initiated in which diffraction data for 230 (4£0)
reflections from single-crystal samples of the nor-
mal salt were collected and compared with the
corresponding deuterated data. Since the scatter-
ing lengths of deuterium and hydrogen have op-
posite signs, difference and sum maps of the two
sets of observed data lead to separate representa-
tions of the ten replaceable hydrogen positions
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and of the remainder of the structure. Final re-
finement of the structure based on the combined
data is now in progress.

A third phase of the study of ferroelectric
BaTiO, has been undertaken, in which several
of the structure sensitive reflections have been ob-
served as a function of temperature. These data,
in conjunction with a structure analysis of the
tetragonal phase at 105°C, indicate that the
atomic displacements resulting from the cubic to
tetragonal transition are mutually proportional as
a function of temperature.

Combined x-ray and neutron diffraction meth-
ods have been utilized for studying the structure
of U,O,. This work was started by A.F. Andresen
at Jener, Kjeller, Norway, and continued at BNL
during his stay as a guest. Neutron diffraction
diagrams of samples prepared in Norway and at
Westinghouse have been found to be identical.
They show numerous peaks which cannot be
indexed on the simple cubic cell of the UO, struc-
ture. The previous assumption that the extra
oxygen is introduced in the center of the UO, unit
cell to form the U,O, cell is, therefore, incorrect.
The observed peaks can apparently best be in-
dexed on the basis of a tetragonal unit cell, 16
times the small UQO,; one, derived from this by
making the a axis twice the face diagonal and the
¢ axis twice the cell edge. The large cell contains
144 oxygen atoms whose positions have to be de-
termined, a problem which normally would be
impossible to solve by powder diffraction data.
In this case, however, it is clear that the uranium
atoms are retained in the face-centered positions
of the small UO, cell, since the x-ray data show
only very weak extra lines at high angles. Only
a limited number of positions are, therefore, avail-
able for the oxygen atoms. Some progress has been
made towards finding an arrangement which will
account for the intensities of the observed peaks,
but the problem seems too complicated to solve
without the building of an elaborate model.

Current experiments on the inelastic scattering
of neutrons by ferrites have stimulated interest in
the problem of spin waves in ferrimagnetics. A
calculation of the wave functions and energy
spectrum for spin waves in a normal spinel has
been made based on an extension of P. W. Ander-
son’s approach to antiferromagnetism. Only 4-B
exchange was assumed to exist, and the calcula-
tion was carried to second order in the magnitude

of the propagation vector, k. Five distinct energy
surfaces (£ vs k) were found, two of which are
identical, in the classical limit, to the ones previ-
ously reported. Although the energy surfaces are
all spherically symmetric, the wave functions de-
pend in general on the direction of k.

Radiation Effects

The other major activity in solid state physics
is the study of defects in crystals. Radiation effects
and other departures from perfect periodicity are
under investigation with many diverse techniques.

Displaced atoms, and particularly the associ-
ated structural changes, can be studied in con-
siderable detail by x-ray techniques. A careful
investigation of irradiated diamond and sodium
azide has progressed far enough to propose rather
specific models. The x-ray diffraction pattern of
a heavily irradiated diamond sample (6.65 X 10%°
fast nvt) is characteristic of an amorphous material
in which the general features of the diamond struc-
ture are retained. The integral Fourier inversion
of the pattern yielded a radial distribution curve
(number of carbon atoms between the distances
r and r+dr) strongly characteristic of the diamond
structure. A detailed analysis of the radial dis-
tribution curve dictates a model for the irradiated
structure of diamond which contains interstitials
and vacancies. The normal diamond structure
contains an equal number of occupied and un-
occupied lattice sites. Fast neutrons, through
collision processes, displace atoms from the oc-
cupied sites to fill the unoccupied sites. For this
particular sample 18% of the unoccupied sites were
populated with interstitial carbons. The fraction
of atoms displaced (some atoms are displaced more
than once and not all displaced atoms become in-
terstitials) was 30%. Two theoretical calculations
for the fraction of atoms displaced, an average
neutron energy of 1 Mev and an integrated fast
flux of 6 X 10*° nvt being assumed, gave 10% and
40% respectively, in good agreement with the
value obtained from the x-ray study. The irradi-
ated structure is highly strained. A root mean
square strain, independent of distance, of 5.4%
was found, while a strain falling off as 1 /7 with a
strength of 3% was evident. These large strains
so weaken the interference effects that the x-ray
pattern takes on an amorphous appearance.

Sodium azide decomposes under gamma-ray
and reactor (neutrons and gamma-rays) ir-



radiation. The crystal has a layer structure with
the cubic close-packed stacking sequence. X-ray
studies have shown that gamma-rays, reactor ir-
radiation, and mechanical deformation (grinding)
produce mistakes, i.e., “stacking faults” in the
normal stacking sequence. This is an unusual
manifestation of radiation damage, since a stack-
ing fault involves cooperative action of atoms in
order to shear layers with respect to each other.
In the ground samples the number of faults and
strain parallel to the slip or basal planes increases
with grinding. There is a tendency for both to
saturate, and there is no evidence of decomposi-
tion. The stacking faults produced are sharply
divided into stable and metastable categories. The
metastable faults are removed at temperatures of
100° C, while the remaining faults are stable for
all reasonable times and temperatures up to the
ignition point. From the isothermal studies of the
metastable faults it appears that their removal
does not proceed by a diffusion process and that
a slipping process is more likely. The generation of
stacking faults may proceed directly from the slip
of the basal planes over one another, but more
likely by the motion of a Shockley partial dis-
location across the slip plane. A partial dis-
location necessarily is associated with the strain
where registry is regained. Stacking faults may
also terminate in sessile dislocations, which have
associated strains. A sessile dislocation cannot
move by slipping but only by diffusion. It seems
reasonable to associate the metastable faults with
the glissel Shockley partial dislocations and the
stable faults with the sessile dislocations.

In the gamma and reactor irradiated sodium
azide the number of faults, strain, and lattice con-
traction (not exhibited in the ground specimens)
perpendicular to the basal planes increase with
dosage. The samples color, and strains run higher
for the same number of stacking faults than after
grinding. The long dimension of the azide mole-
cule is perpendicular to the basal planes, and the
decomposition of the molecule by ionization
causes a shrinkage perpendicular to the basal
planes. The observed shrinkage, coloration, and
lowering of the ignition temperature indicate de-
composition. The local stresses produce the dis-
locations and associated stacking faults. The high
strain in these cases is probably due to a large
number of dislocations associated with a faulted
region and other imperfections such as interstitial
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nitrogen (in the neutron irradiated case it is likely
that all known crystal imperfections are produced
to some degree). Annealing studies reveal again
stable and metastable faults, the metastable faults
being removed at higher temperatures (=175°C)
than in the case of ground crystals. The lattice
contraction recovers, which indicates a diffusion
process that restores stoichiometry. There is evi-
dence that sodium eventually diffuses to the surface
of the crystallites, since, after sufficient annealing,
sodium carbonate and monohydrate are formed.
However, isothermal anneals show that the con-
traction recovers only during the period in which
the stacking faults are removed. The isochronal
plot shows that the lattice contraction recovers
completely. A complex cooperative process is in-
volved. In general the neutron and gamma ir-
radiated sodium azides are similar but differ in
some fine details. The neutron irradiated azide
shows the highest strain for a given number of
faults.

During the past year the major effort on phase
transformations has been concerned with radiation
enhanced diffusion. This effect is conveniently
studied in the a-brass system where enhanced
diffusion leads to increased short-range order. It
has been shown that at 50°C the ordering rate
(which is thermally very slow) can be increased
by a factor of about 107 by suitable reactor or 2-
Mev electron irradiation. The electron irradiation,
at a theoretically equivalent flux, is less efficient
than the reactor irradiation by about a factor of
14, probably because of the production of a higher
fraction of close vacancy-interstitial pairs which
can recombine without appreciable diffusion. This
general technique is to be studied in further detail
and will be applied to other systems as a means
of driving very sluggish solid state systems toward
equilibrium. An experimental program has also
been started on the effect of neutron irradiation
on a shear type of transformation, the martensite
transformation in iron-nickel alloys, with electrical
resistivity as the index of the transformation. It has
been found that irradiated specimens have a con-
sistently lower M, (martensite start) temperature
than unirradiated specimens. A flux of 2.5 X 10"
epi-U?2® neutrons/cm? lowers M, temperature
approximately 6°C. Moreover, it appears that
as much as 0.27% additional martensite has formed
during irradiation in specimens which are partially
transformed before irradiation. Further studies of
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Figure 10. A picture taken with a polarizing microscope
of the intersection of two birefringent bands in potassium
azide (KNj;). The birefringence is indicated by the fact
that the normal crystal is colorless and the bands are
brightly colored. The bands are due to slip or twinning
on the (112) planes of the crystal and are about 0.1 mm
wide.

these effects are expected to result in a better
understanding of the mechanism of the radiation
effect as well as of the nature of the martensite
transformation.

The program designed to use optical effects,
particularly color centers, for measuring radiation
effects has made several advances during the last
year. Al,O; is one of the crystals being studied
intensively. As described previously, reactor radia-
tion produces absorption bands in this material
which differ in energy from those formed by
ionizing radiation. It is suspected that some of the
observed bands must arise from Al or O vacancies
in the lattice, and this supposition is supported by
recent experiments in which the level of gamma-
ray coloring is altered by quenching the crystal
from temperatures near the melting point, a pro-
cedure which increases the concentration of vacan-
cies in the crystal. It appears that the intensity of
one of the bands produced only by reactor radia-
tion and of one of the bands produced by coloring
with gamma-rays are enhanced by the quenching
procedure. It is necessary to heat the crystalsto a
temperature from 1700°C to just under the melt-
ing point (2050° C) and rapidly cool or quench
the sample in order to change the vacancy con-
centration. This is accomplished by using an in-
duction heater to heat the crystal in a tungsten

Figure 11. The same area as shown in Figure 10 after
the crystal was exposed to 107 r of Co® gamma-rays. The
heavy black lines show the extent of decomposition at
the intersection of the (112) twin or slip planes and the
upper surface of the crystal. Similar decomposition
occurs on the bottom of the crystal, except that the de-
composition areas are at the other side of the colored
bands. There is additional decomposition forming well-
defined pyramidal etch pits.

or tantalum crucible in a high vacuum. The
heated system is purposely made with small heat
capacity so that rapid temperature fall is ac-
complished by shutting off the induction field.
Additional quenching is obtained by introducing
an inert gas at the precise moment the field is
turned off.

The coloring of very pure fused silica has been
of interest, since it originally appeared that only
a few color centers were present. Recent work
indicates that the temperature at which this mate-
rial is irradiated controls the intensity of some of
the absorption bands. The intensity of a band at
2420 A is increased by a factor of two, relative to
a standard, by irradiating at liquid nitrogen
temperature instead of at 70°G. Also, irradiation
of the fused silica first in the reactor and later with
gamma-rays indicates that several absorption
bands result from “sensitizing” this material in
the reactor which do not appear with gamma-ray
irradiation alone. The spectra are by no means
simple, as resolution of the spectrum into its com-
ponents indicates the presence of six new bands in
this sample of fused silica.

The study of the room temperature gamma-ray
coloring of KN, which is part of the cooperative
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program with Picatinny Arsenal, is largely com-
pleted. The observed spectra have been resolved
into Gaussian bands, and the growth and decay
of each of the observed bands determined. Sur-
prisingly, the gamma-ray induced coloring decays
with a fast and slow component exactly as previ-
ously found in the alkali halides. Future work may
indicate which of the observed bands are colloidal,
1.e., result from the radiation induced decomposi-
tion. It was shown some time ago that, when KN,
is thermally shocked, brightly colored birefrigent
bands (Figure 10) are formed which are associated
with certain planes that pass diagonally through
the crystal. When KN; (and NaN,;) are decom-
posed by gamma-ray irradiation, the major por-
tion of the decomposition occurs at the intersection
of these diagonal bands and the surface, as is
shown in Figure 11. It was also shown that in some
instances these bands are caused by lamellar twin-
ning. Since these bands are also formed by me-
chanical means, this work constitutes a clear-cut
demonstration (perhaps the first) of why grinding
some crystals increases their ease of decomposition
much more than expected from particle size
considerations only.

The cooperative program with R. Truell’s group
at Brown University is continuing. The detection
of directional neutron damage was described last
year, i.e., the correlation of radiation damage with
the direction of the damaging particle to produce
an anisotropic elastic constant change. The only
material studied so far is silicon, but similar experi-
ments on germanium and diamond are under way.
In the original detection of the directional effect,
an ultrasonic double refraction technique was
used. A separate and independent determination
of this effect has been made by measuring the
elastic constants (actually the ultrasonic velocity).
The results obtained are in complete accord with
the double refraction measurements. The decrease
in ultrasonic attenuation observed when alkali
halides are exposed to gamma-rays has been in-
vestigated in considerable detail. A group of NaCl
crystals, both annealed and plastically deformed to
various degrees, was irradiated at different tem-
peratures at relatively low irradiation levels. The
results to date are consistent with the idea that
radiation causes dislocation pinning. In fact it is
possible to obtain an expression for the concentra-
tion of pinning points as a function of time for low
irradiation levels.
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Chemical effects of irradiation in solids are
under investigation in various systems. As part of
the cooperative work with Picatinny Arsenal the
thermal decomposition kinetics of explosives and
related materials are being studied, both before
and after gamma-ray and reactor irradiations. At
the moment results are available only for a pri-
mary explosive, normal lead styphnate mono-
hydrate. The activation energy for the acceleratory
portion of the decomposition curve of the unirradi-
ated material is a few kcal/mole higher than re-
ported in the literature. Gamma-ray irradiations
up to 1.8 X 10® r have only a slight effect on the
decomposition curve. Reactor irradiations produce
a marked accelerating effect and virtually elimi-
nate the induction period, even though negligible
gas evolves from the sample during irradiation.

Study of the effects of radiation on the oxidation
rate of graphite has continued during the past year.
The oxidation rate, as reported last year, increased
whenever any radiation was present, and also in-
creased with increasing temperature. Results ob-
tained since that time are generally consistent with
this pattern. During the past year results have been
obtained on graphite oxidation rates in the pres-
ence of BNL reactor radiation (in-pile oxidation).
The in-pile oxidation rates at 250° and 300°C at
two different fluxes are consistent with previous
data. However, the in-pile oxidation rates at 350°
and 400°C in the high flux are lower than at
300°C. This differs sharply from the previous pat-
tern of results. A further complication is present
because the in-pile oxidation rates at 400°C at the
high flux are lower by about a factor of 6 than the
rates for virgin graphite in the absence of any radia-
tion. The in-pile oxidation rates at 350° and 400°C
in the low flux hole are higher than at 250° and
300°C, but are lower than those of virgin graphite
in the absence of any radiation. At present there is
no explanation for this discrepancy. The experi-
ments are being repeated, and the effects thus far
are reproduced. These findings appear to be valid,
and have very significant solid state and practical
implications.

Limited work has been done on the effect of
reactor radiation on the surface area of y-Al,O,.
There is an increase in surface area due to reactor
irradiation. Upon annealing, the surface area of
the y-Al,O; is about the same as that of the unir-
radiated y-Al,O,. Recently the surface area work
has been concentrated on aluminum oxide — mo-
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lybdenum oxide catalyst, commonly known as
hydroforming catalyst. Preliminary results show
that a 10-day reactor irradiation of this catalyst
results in a decrease of surface area from about 250
m*/g to about 160 m*/g, but further substantiation
is required. Reactor irradiation appears to increase
the catalytic activity of the hydroforming catalyst
for the cyclohexane to benzene reaction by about
30%. Here also further studies are needed to sub-
stantiate this effect.

Breakdown of the low temperature irradiation
facility has slowed down several projects, particu-
larly the determination of displaced atom concen-
tration by neutron transmission and by optical
techniques. Research with long wavelength neu-
trons for lattice vibration studies has been per-
formed by the group using the slow chopper and
is reported above in the section on neutron physics.

Theoretical work has continued on several
problems with good progress. The absolute rate
theory of the movement of defects in solids has
been generalized to take proper account of the
many-body features of the process. The effective
frequency which determines the jump rate for
defects has been shown to depend on all normal
frequencies of the defect lattice and the frequencies
of a similar lattice subjected to certain constraints.
The influence of atomic masses on this effective
frequency and consequent isotope effects in diffu-
sion have been treated.

A general survey of the theory of defect pro-
duction in solids by nuclear radiation has been
under way. The theory of replacement and dis-
placement collisions, with the model of Kinchin
and Pease, has been extended, and the calculation
of replacement collisions on this model has been
carried out rigorously for the first time. The effect
of inelastic and anisotropic scattering of fast neu-
trons on the production of displacements has been
calculated in a number of substances. A theory
of the production of displacements by gamma-
rays by means of Compton electrons has been
formulated and applied to representative mate-
rials. An extended treatment of the effect of ther-
mal spikes on rate processes has been given, and
a new theory of the induction of diffusion by dis-
placement spikes has been developed. The prob-
lem of the kinetics of the annealing of radiation
damage has also been under study, and a unified
and rather general approach has been worked out.
An attempt is now being made to employ machine

computations to determine threshold energies for
displacement of atoms in a lattice and the dis-
tribution of the resulting interstitials.

The kinetic theory of the distribution of posi-
tions, velocities, etc., of molecules in a fluid has
been generalized. Previous developments applied
to a single time; the present treatment concerns
distributions containing two different time param-
eters. A certain family of two-time distribution
functions is shown to obey a system of differentio-
integral equations similar to the Born-Green
equations. The time-displaced correlation function
introduced by van Hove, which is of use in theories
of scattering, is determined by one of these dis-
tribution functions. Superposition techniques ap-
plied to the general equations offer hope of finding
approximate solutions.

The localization of Wannier functions, a tech-
nique of considerable promise in band theory
calculations, is under study. The Wannier func-
tions are Fourier transforms of Bloch functions in
k space; therefore, analytic continuation of Bloch
functions in k space is of importance. The location
of branch surfaces and the discontinuity in the
Bloch function across such branch surfaces were
investigated. A method was devised to construct
a phase function to eliminate these discontinuities.
If a phase function is required, the symmetry of
the resulting Wannier function is reduced, and in
many cases the extreme localization of Wannier
functions lowers their symmetry. A simple relation-
ship was discovered between the asymptotic form
of Wannier functions and the dimension of the
discontinuity of the Bloch function. If there are

no discontinuities in the Bloch function, Wannier
functions fall off exponentially at large distances

from the origin; if discontinuities are at points,
inversely as distance cubed; and if discontinuities
are on lines, inversely as distance squared.

The relation between lattice parameter, com-
position, and short-range order has been investi-
gated theoretically in binary alloys, based on near-
est-neighbor interactions, additivity of bond ener-
gies, and sufficiency of a quadratic expansion of
energy as a function of distance. The theoretical
relation describes accurately the lattice param-
eter — composition data for random alloys of
Cu-Au and Ag-Au. For AuCu, about the right
change in lattice parameter is predicted upon
ordering. In this particular case a linear approxi-
mation is obeyed quite accurately.



Instrumentation

Instrumentation Division personnel design,
construct, calibrate, and repair the instruments
needed by other Laboratory groups for research
and engineering. The major effort this year has
been directed toward design of a high-speed dig-
ital computer. A small analogue computer has
been used by the Division to solve problems for
several other departments. Other new projects
relate to the measurement of very short times, to
data processing, and to a variety of counting
circuits.

Last summer (1956) the Division gave lectures
and set up experiments on nuclear instrumenta-
tion for the AEC-ASEE Nuclear Engineering
Institute. Brookhaven was host to the Tripartite
Instrumentation Conference in October, and the
program and report of the meeting were prepared
by this Division in cooperation with the Radiation
Instruments Branch of the U.S. Atomic Energy
Commission in Washington. W.A. Higinbotham,
Division Head, and C.J. Borkowski, Head of the
Oak Ridge Instrumentation Division, arranged
the program for a symposium on pulse height
analyzers sponsored by the National Research
Council last fall (Multichannel Pulse Height Analyz-
ers, NAS-NRC 467).

DIGITAL COMPUTER

Last year the decision was made to build a
modern high-speed digital computer at Brook-
haven, because it was found cheaper to build a
computer than to buy one with the required
capabilities. A custom built computer can be
tailored to meet the Laboratory’s particular needs.
In addition it was felt that the development of new
techniques for information gating and storage
would be a useful contribution to the field. The
experience gained should also be useful to this
Division, which is more and more concerned with
data processing and with the use of digital com-
puter techniques.

It was decided to pattern this computer after
the Maniac II, which was then nearing completion
at Los Alamos. Last summer two of our engineers

visited Los Alamos to learn about their computer
and to discuss our plan with their designers. Our
engineers helped with the design of the Maniac IT
control section.

A digital computer consists of three parts: an
arithmetic section, which is a high-speed elec-
tronic calculator with floating point; an electronic
“memory” to store numbers and instructions; and
a control section which takes instructions from
the memory and tells the arithmetic section what
operations to perform with the stored numbers.
The speed of operation, the size of the memory,
and the set of instructions determine the perform-
ance of the machine.

Today’s best commercial computers have high-
speed memories with a capacity of 4000 to 8000
“words,” the word being a number or an instruc-
tion. The Maniac II computer has a 12,000-word
memory, and the BNL computer will have a
24,000-word memory. As in commercial com-
puters, this high-speed memory will be supple-
mented by a much larger slow memory on mag-
netic tapes.

The Los Alamos arithmetic section consists of
three “registers” for storing numbers and an add-
ing circuit (multiplication and division are a-
chieved by repetitive addition or subtraction).
The BNL circuits have been modified by use of
diodes and pulse transformer techniques to reduce
the number of tubes and to increase the speed.
Two additional “registers” have been provided
(total 5) which will make computation easier and
faster. Design of the arithmetic section has been
completed, and construction has begun.

Most current computers employ magnetic cores
to store numbers in the memory. The Los Alamos
and BNL computers use charge storage on special
cathode-ray tubes (barrier grid tubes) which are
considerably cheaper if they can be made reliable.
The Los Alamos memory is now operating. We
hope to obtain more reliable operation by em-
ploying a technique developed at the Bell Labora-
tories and by recording both “ones” and “zeros.”
The development test phases have been com-
pleted; final design is under way.
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Figure 1. Testing of BNL memory tube, a radechon
(barrier grid storage) tube of the type that will be used in
the memory section of the BNL computer. The test rack,
designed and built by BNL to insure the highest quality
of tube construction, will automatically write and
read 1’s or zeros on the face of the barrier grid tube and
provide a visual display on a cathode-ray tube; this pro-
vides means for a fast and accurate operational check on
the radechon tube.

The control section must be developed jointly
by the mathematician programmers and the
electronic engineers. Basically this will follow the
Los Alamos design. The BNL Applied Mathe-
matics Division has been studying the logic of the
Los Alamos computer and working with this
Division on the design. All Los Alamos instruc-
tions will be duplicated. Since the BNL computer

will have one instruction per word (compared to
two for Maniac II), it will be possible to add more
instructions and to increase the flexibility in other
ways.

A wing of the administration building has been
modified to house the computer. Cooling machin-
ery is installed. Part of the power supply, the
auxiliary magnetic tape memory, and a consider-
able amount of input-output equipment ( paper
tape punches, readers, electric typewriters, high-
speed printer) has been ordered.

A summary of the computer’s specifications
follows:

Word = 48 bits = number and exponent or
instruction, plus 2 “tag” bits.

Number = 40 binary bits and sign.

Exponents = 4 binary bits and sign.

Memory capacity = 24,000 (possibly 32,000)
words.

Memory access time = <10 psec.

Shift time = 1.5 usec.

Add time = 4 psec (fixed point).

Multiplication time = 120 psec average.

Accessory memory = up to 16 magnetic tape
units.

Input-output = punched paper tape.

ANALOGUE COMPUTER

A small analogue computer facility was set up
last year as a service to the Laboratory. It was
first used to determine the set of equations which
describe the effect of insulin on the circulatory
system of a dog. It was next used by the Cosmotron
group, which has since purchased a similar com-
puter. It is currently being used to simulate the
damage produced by neutron irradiation of solids.
Another simple analogue circuit was built for the
Medical Department to help interpret the flow
of radioactive tracers between biological systems.

HIGH-SPEED CIRCUITS

For several years physicists have been interested
in very fast measurements — in detectors and cir-
cuits which can respond in =1 mpsec (one bil-
lionth of a sec). The fastest detectors employ a
scintillating crystal (or Cerenkov radiator) and a
photomultiplier tube. At present the speed is
limited by the available photomultiplier tubes.
Last year the development was reported of a type



of high-speed oscilloscope which was able to dis-
play pulses in this speed range. Additional equip-
ment has been assembled so that this “sampling
oscilloscope” may be used to measure the speed
characteristics of experimental and production
photomultiplier tubes. The tubes may be excited
by a fast phosphor, a pulsed cathode-ray tube, or
a pulsed mercury arc. These measurements permit
determination of the optimum operating condi-
tions for these tubes, selection of tubes for critical
experiments, and evaluation of modifications in
the tube structure made by the manufacturers.

A pulsed x-ray generator has also been built
which may be used for testing the speed of detec-
tors. It is patterned after an instrument developed
at the University of California Radiation Labora-
tory. The pulses of 100-kv x-rays have a duration
of 1 mpusec. This pulser has been found especially
useful at the Cosmotron, where it can be used to
adjust accurately the timing of a complicated ex-
perimental setup and thus avoid wasting pulses
from that expensive accelerator.

Light travels about 1 ft/mpsec. It is possible to
measure the speed of very fast particles overa
similar distance with these high-speed detectors
and circuits. The BNL 18-in. cyclotron produces
very short bursts of protons at a frequency of 20
million cycles. A 100-channel time delay analyzer
has been built for use with it. By measuring the
time it takes particles to travel from the cyclotron
target, this instrument is able to sort the particles
by velocity into 100 groups. The final circuit
makes use of a technique suggested by Emilio
Gatti of Italy, which stretches the time scale out
to a longer one which permits analysis by con-
ventional circuit techniques. The output of this
circuit is fed to a 100-channel pulse height
analyzer.

DATA HANDLING

A 1024-channel neutron time-of-flight analyzer
and a 100-channel pulse height analyzer were
designed a year ago. Both of them have cathode-
ray tube displays of the data, and provisions for
typing out the data at the end of the run by elec-
trically operated printers. They have now been
fitted with plotters which automatically draw a
curve while the printer is operating. The curve
plotter for use with the pulse height analyzers will
make a linear plot with a variety of ranges, or it
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Figure 2. Model of power supply and arithmetical unit of
BNL computer. The rack on the right is the arithmetical
unit, which consists of three registers and an adder. Each
register is composed of three chassis: a driver unit, a diode
input gating unit, and a flip-flop unit having two cathode
followers for its output. One such rack can handle eight
bits of information, and six such racks will be required.
The vertical buses are for the transfer of information be-
tween registers and the adder within the individual racks.
On the other side of the arithmetical unit are mounted
the tubes, and the horizontal busing used to provide
power and the control gating pulses. The actual computer
will be built along the same lines, but two additional fast
storage registers per rack will be included.
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will plot the logarithm of the number of counts
as a function of pulse height.

A number of counters have been built which
use glow discharge counter tubes, for specialized
applications. These include: 1) a set of 18 scalers
with timing and switching circuits for measuring
the rate of change (period) of reactivity in a critical
fission assembly; 2) timing circuits for control of

a bubble chamber; 3) scalers to store the counts
detected in a scanning neutron crystal spectrom-
eter, with control circuits to print out the data
automatically at regular intervals; and 4) sets of
scalers for use at the Cosmotron and in a low back-
ground detector arrangement in the Chemistry
Department.

T e e—




Accelerator Development

In November 1956 the Accelerator Develop-
ment Department moved into the newly con-
structed AGS service building. This structure
provides, under one roof, the required office space,
electronics shop, machine shop, laboratories, AGS
control and service center, and a large experi-
mental assembly area.

Experimental studies of the various magnet
models and types of magnet steels progressed
sufficiently so that the final design of the main
magnet coils and cores could be completed. Con-
tracts for the fabrication of these two major items
of procurement have been prepared and are
awaiting AEC approval. A contract has been
awarded to the Westinghouse Electric Corporation
for the design and manufacture of the main mag-
net power supply.

The vigorous modeling program followed by
the linac group has given impetus to the com-
pletion of the detailed design phase of this com-
ponent. The Cockcroft- Walton injector for the
linac has been delivered and is being assembled
so that its performance characteristics may be
studied. Final drawings for the linac tanks have
been prepared and are being reviewed for inclu-
sion in the solicitation for bids which will be
forwarded to prospective fabricators. Various tech-
niques of beam focusing and inflection are under
investigation.

The major effort of the control group has been
devoted to the design of a centralized AGS water
system. This group is also making a study of, and
preparing a proposal for, the intercommunication
and public address systems for the machine
complex.

The design of the radio-frequency accelerating
system is progressing satisfactorily. Proposals for
the fabrication of the ferrite rings to be used in
the accelerating cavities have been returned, and
a contract has been prepared and submitted for
AEC approval . *

Tests on the Evapor-ion pumps have established
both the excellent performance and the reliability

*This contract has since been approved and executed.

of these units. The design of the vacuum chamber
and special sections have been modified to ac-
commodate the latest machine requirements.

During the past year the staff of the Accelerator
Development Department increased by about
10%. Members of the staff have presented papers
at meetings of the American Physical Society, the
American Institute of Electrical Engineers, the
Institute of Radio Engineers, the Committee on
Vacuum Techniques, the Midwest Universities
Research Association, the U.S. Naval Reserve,
and the AEC Shielding Conference. A total of 36
visiting engineers and scientists came to the De-
partment from Australia, India, England, France,
West Germany, Poland, Italy, Switzerland,
Sweden, and Holland to discuss accelerator design
with Department members.

Details of design and construction are described
in the following paragraphs under the appropriate
component headings.

MAGNET

The extensive analysis and measurements pro-
gram of the magnet design group culminated, dur-
ing the winter, in writing the final specifications
and soliciting bids for the magnet cores and coils.
Late in April proposals for the fabrication of the
cores were received from four companies (five de-
clined) and of the coils from five companies ( two
declined). After many conferences with engineer-
ing representatives from the various firms, con-
tracts for each of these components have been
prepared and submitted to the AEC for approval.*
They call for delivery of pilot models within seven
months for test at the Laboratory before final pro-
duction starts. Delivery of all the cores and coils
is expected to be complete early in 1959.

The magnet cores will be made of thin (of the
order of 0.035-in.-thick) laminations, but with
1-in.-thick end plates, assembled under pressure
and held by welded straps on all sides. Although
a model magnet bonded together with a vinyl

*These contracts have since been approved and executed.
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Figure 1. Magnet Model No. 5, configuration 2
(one-half scale).

resin appeared to be quite satisfactory mechani-
cally, it was felt that the control of the tempera-
tures during the bonding cycle was not sufficient
to ensure the high degree of uniformity necessary
between magnets. The final choice of steel will
be made by the fabricator (subject to approval by
this Department), since the mechanical properties
of the laminations, e.g., flatness, gauge variation,
etc., have an important influence on the achieve-
ment of the final mechanical tolerances. The steel
sheets will be thoroughly shuffled before assembly
so that variations in magnetic properties will be
distributed uniformly throughout the magnet
units.

Further analysis of the saturation behavior in
these magnets, coupled with measurements made
on the various models, resulted in a small reduc-
tion in the radial magnetic aperture to 6 in.; the
vertical gap height at the equilibrium orbit is still
3.5 in. The corresponding profile for the magnet
gap was computed and tested on Magnet Model
No. 5, a half-scale dc magnet. The outside dimen-
sions of the magnet cross section remain at 33 X 39
in., and the pole width is 12.5 in. The effective n
value is 357. There are 240 magnet units, four
units comprising a full focusing-defocusing lens
system, and the total weight of steel is almost
4000 tons.

The magnet exciting coils will be made of cop-
per bars, 1'%2X 7 in. in cross section, with a %-in.-
diameter hole in the center for water cooling. The
32 turns of the winding will be made in four two-
layer pancakes, two located above the pole gap
and two below. These two halves of the coil are
connected in series-parallel with alternate trans-
position from top to bottom location in going from
one magnet to the next around the ring. Each pan-
cake will be formed into a bonded monolithic
structure capable of withstanding tensile forces
of 500 psi and shear forces of 1000 psi between
turns or layers. The turn-to-turn and layer insu-
lation is required to withstand a 1500-v peak high-
frequency or 5000-v peak impulse test, and the
ground insulation must withstand 20,000 v, rms,
at 60 cycles. All firms solicited were requested to
submit samples of their proposed construction for
these electrical and mechanical tests.

During the past year the magnetic measuring
equipment has continued to be modified, im-
proved, and enlarged. Search coils for measuring
magnetic fields, integrated with respect to the
azimuthal direction, have been built and calibrat-
ed for lengths of 15 in. and 5 ft. A 10-ft-long
search coil has been designed and is now under
construction. An accurate current marker, with a
peaking strip in a bias field, has been constructed
to read currents up to 1000 amp, and another is
under design for use up to 7000 amp.

When the pulsed current in the magnets is re-
duced to zero, the remanent field left in the gap is
a sizable fraction of the injection field (somewhat
over 20 gauss for a coercive force of the steel of
about 1). Its shape may be sufficiently different
from that of the dynamic field so that the total
gradient at injection may need correction. Experi-
ence has shown that coercive force may have the
greatest variation of all the magnetic parameters
of the steel; therefore, a series of experiments was
carried out with small reverse pulses in the magnet
winding in an effort to reduce these deleterious
effects. Tests on Magnet Model No. 4, which had
a large remanent field (about 70 gauss) with
large azimuthal variations in value, showed that a
single reverse current pulse of about %0 or %5 of the
peak forward current not only reduced the rem-
anent field nearly to zero but also reduced its
azimuthal variations in relative magnitude. There
was also a reduction in the gradient of the rem-
anent field and in its variations. At the same time




dynamic field measurements taken after sucha
demagnetization pulse showed that the effective
permeability at inductions of the order of 100 to
200 gauss was considerably higher than when the
magnet was pulsed under normal remanent con-
ditions. Whether these advantages are still present
with other types of steel will be tested on further
models. The decision as to whether such a de-
magnetization cycle will be incorporated into the
magnet will depend on the behavior of the steel
chosen by the fabricator.

Serious consideration is being given to the use
of a series reactor in the magnet circuit in order
to reduce the initial rate of rise of the magnetic
field. One important reason for this is to reduce
the influence of eddy currents in the proposed
Inconel vacuum chamber. A model reactor was
built and tested with Magnet Model No. 4;a
further model is now under construction, and pre-
liminary designs for use with the final magnet are
now being studied.

The chief parameters of the magnet power
supply were given in last year’s report. Final
specifications were drawn up and bids solicited in
the fall of 1956. In March 1957 a contract for the
complete system of alternator, motor generator,
ignitron rectifier-inverters, and associated auxiliary
equipment was placed with the Westinghouse
Electric Corporation. Delivery of the component
parts is expected to be complete by the summer
of 1958.

LINEAR ACCELERATOR

The design phase of the 50-Mev linear acceler-
ator injector was virtually completed during the
past year, and construction is in progress, or about
to begin, on all components. Computation of
dimensions and shapes of important machine
elements has been completed and checked by
model studies. The basic features of the injection
system which carries the 50-Mev proton beam
from the linear accelerator into the synchrotron
have been established, and detailed design of in-
jection components is in progress. The status of
the various machine elements from ion source to
inflector is discussed in that order in the para-
graphs which follow.

The 750-kv Cockcroft-Walton set which pro-
vides the initial proton acceleration has been de-
livered. A staff member witnessed tests of this unit
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up to 800 kv in the manufacturer’s plant at Eind-
hoven, Holland. The set was then dismantled and
shipped to Brookhaven, where it has been reas-
sembled for studies of possible minor mechanical
modifications. The high voltage terminal to house
the ion source and ancillary equipment has been
designed and ordered from a local fabricator. No
ion source studies have yet been undertaken, since
designs adequate for initial operation of the ma-
chine are available at Brookhaven.

The accelerating column in which the protons
are led from the high voltage terminal to ground
and so into the linear accelerator has been de-
signed. It will have an aperture of 5.5 in. and will
be 72 in. long. Ceramic ring sections for this col-
umn are on order.

The inside diameter of the linear accelerator
tank has been frozen at 95 cm. It will be fabricated
from copper-clad steel 1 in. thick over-all; the
copper thickness will be 0.15 in. An all steel
mechanical model of a 10-ft tank element has been
tested for mechanical rigidity and for evaluation
of the proposed methods of drift tube support and
alignment. The tests were successful on all counts;
drift tubes were aligned to 0.003 in. and moved
less than 0.002 in. when the tank was evacuated.
Only very minor modifications in the drift tube
support mechanism were made as a result of the
tests. Drawings of all 11 tanks are complete and
will be sent out for bids shortly. Preliminary draw-
ings are already in the hands of prospective bidders.

Computation of drift tube shapes on the Univac
was completed in January. The diameter of the
first drift tube is about 21 cm. This diameter in-
creases to a maximum of 25 cm at about the 6.5-
Mev point and then decreases slowly to about 15
cm at the last drift tube. The computations have
been spot checked at several points by a precision
unit cell model. All drift tubes are roughly ellip-
tical in shape.

Design of the pulsed quadrupoles to be im-
bedded in the drift tubes for focusing the proton
beam has been completed, and the quadrupoles
are on order. Harmonic analysis of the magnetic
fields of model quadrupoles made possible a simple
pole shape to eliminate effectively all spurious
multipole fields up to fields corresponding to 20
poles. Higher order fields than this will have no
appreciable effects on the proton beam. Fabrica-
tion of the quadrupoles was simplifigd by using
only four groups of quadrupoles; in each group
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Figure 2. Cockcroft-Walton injector for linear accelerator.
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Figure 3. Linac mechanical model.



all quadrupoles will be identical in length and

shape. The four groups correspond to the gradual
increase in aperture from 0.5 in. at injection to 1.25
in. at 50 Mev.

The mechanical problems involved in assembly
of the drift tube with its included quadrupole have
been checked in a test fabrication. All joints ex-
posed to electric fields will be either hydrogen
brazed or heliare welded.

Performance of the linear accelerator at the
operating field level has been checked in a “high
power model.” This model, about 4 ft long, isa
full-scale model of a section of the linear acceler-
ator around the 35-Mev point. Enough power is
available from a 200-Mc triode amplifier to
generate fields in the model up to 50% above the

operating level. Designs of tuners, probes, and rf

connections have been evolved for this model and
have been tested for satisfactory performance and
freedom from electrical breakdown. A slow build-
up of x-ray output to troublesome levels has been
traced to hydrocarbon or other contamination of
drift tube surfaces and has emphasized the neces-
sity for extreme cleanliness in the vacuum system,
Much experience has been gained by evacuating
the model with an Evapor-ion pump: several im-
provements in pump design have resulted from
this operation.

Radio-frequency power for the linear acceler-
ator will be supplied by a 5- Mw klystron now
under development at the Eitel-McCullough
Company. Construction of this tube i1s behind
schedule, although there seems to be no doubt
of its eventual success. The tube design is com-
plete, and similar tubes are now under test. The
klystron power supply has been designed at Brook-
haven, and parts have been tested. The Brook-
haven group 1s also investigating various possible
systems for transferring power from klystron to
linear accelerator.

A tentative arrangement of quadrupole focusing
elements to guide the beam from linear accelerator
to synchrotron has been computed. A preliminary
design is available also for the debuncher which
reduces the energy spread in the 50-Mev beam
by a factor of the order of three. Design of the
pulsed inflector 1s 1n progress, and model tests of
the pulsing circuit have resulted in a final design
which appears to be satisfactory.

Analysis and computation are completed or in
progress on several field problems — for example

Figure 4. Linac power model showing drift tubes
and ball tuners.

Figure 5. One-quarter section of the rf cavity showing
ferrite rings, cooling coils, and accelerating gap.
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the problem of maintaining field uniformity along
the linear accelerator — and on the multipactor ef-
fect; the latter is a cuamulative loading effect which,
for particular fields and separations, may result
in an electron discharge between electrodes in
radio-frequency fields.

RADIO-FREQUENCY

During the past year some of the original con-
cepts of the AGS rf system have been revised and
modified. The effort of the rf group has been in
the direction of a parallel development of the five
basic components.

The design of the low level system has been
based on beam feedback and double mixing cir-
cuits. In principle, the double mixing of the signal
frequencies makes it possible to accomplish all
phase control at a constant frequency. Any differ-
ential phase shifts which occur in cables and am-
plifiers can be effectively cancelled by usinga
cable of the proper length at an appropriate point
in the loop. Circuit details of the various filters,
mixers, and amplifiers are being developed.

The model test power amplifier which was de-
signed and built to drive the model ferrite cavity
has performed adequately. This unit is being
modified so that it can be used as a predriver
stage for the newly conceived power amplifier
scheme. As visualized at present, the rf power am-
plifiers will have only the final stages located in the
magnet enclosure. The low level, driver, and
cathode follower stages will be located at some
convenient position remote from the ring. Radio-
frequency will be fed from the cathode follower
stage to the 12 final stages at the ring over 24 co-
axial cables.

The full-scale model ferrite-loaded cavity has
been designed, built, and fully tested. The prop-
erties of this cavity approximate very closely the
predicted performance.

Proposals have been received for the fabrication
of all the ferrite rings required for use in the
cavities. A contract has been prepared and sub-
mitted to the AEC for approval.* The present
ferrite saturating supply, which is adequate for
use with the model work, has a number of per-
formance defects. Consequently, a completely
transistorized dc amplifier with one hundred 12-

*This contract has since been approved and executed.

amp transistors in parallel has been designed and
is under construction. This unit should be able to
drive the cavity directly and should be relatively
free of any unwanted frequencies.

When the vacuum chamber size was reduced, a
re-evaluation of the performance of the already
designed beam monitoring pickup electrode struc-
tures was undertaken. Direct scaling of the elec-
trodes was found to be impossible, and the units
were therefore completely redesigned. The new
structures yield good sensitivity and linearity over
the region of expected beam excursions.

VACUUM

During the past year two commercial models
of the Evapor-ion pump have undergone an in-
tensive engineering evaluation. A number of
modifications and improvements in these units
have resulted in increased reliability, longer
operating periods between maintenance, and
easier starting procedure. One of these pumps has
been installed to operate in conjunction with the
linac power model. Except during the initial out-
gassing period, it has consistently maintained a
pressure of about 1 to 2 X 10~* mm Hg. The modi-
fications and improvements will be incorporated
in the specifications for the balance of the pumps
to be ordered for use on the AGS.

Several vacuum chamber sections with rib sup-
ports have been built and tested. The thinnest
wall material that could meet the requirements
was 0.050-in. Inconel X. However, when the vac-
uum chamber was reduced in size from 8 to 7 in., a
chamber of 0.78-in. wall thickness with no rib
supports was found to be feasible and was adopted.

By combining a beam viewing station and a
pump-out port into one aluminum casting, sig-
nificant cost and space savings were effected. A
prototype vacuum pumping station has been built
and will be used in the evaluation of various types
of valves and other auxiliary equipment.

STRUCTURES

The construction of the AGS building complex
has been proceeding on schedule. Late in 1956 the
White Construction Company completed the serv-
ice building, and shortly thereafter the Department
moved most of its activities from the temporary
barracks to this center. The same firm was award-
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ed the contract for the construction of the magnet
enclosure shell and linac tunnel and the various

tunnel conjunction sections. During this phase of

the program, bids were solicited for the completion
of the balance of the complex, including magnet
enclosure Aoor and target and linac buildings. The
successful contractor was the Malan Construction
Corporation, which started full-scale operation in
April 1957 and has already completed about 30%
of the work.

19 73039 30333353

Figure 6. Aerial view of the AGS complex.

The high-density concrete blocks for shielding
in the target building have been designed, and a
contract has been prepared for AEC approval.®
Most of the appurtenances to the buildings. such
as cooling wells. discharge basins, and magnet
girders are either completed or under contract.

“T'his contract has since been approved and executed



Chemistry

The research activities of the Chemistry De-
partment during the current report period have
followed, in broad outline, the program developed
over the past few years. In nuclear chemistry con-
siderable effort has been devoted to the study of
high energy nuclear reactions. On the experi-
mental side, new techniques for the measurement
of relative yields of high energy reaction products,
involving the use of mass-spectrometric as well as
photographic emulsion methods, have been ex-
plored and developed. Extensive Monte Carlo
calculations of high energy cascade processes have
been carried out in collaboration with groups at
Los Alamos, the University of Chicago, and
Columbia University. Theoretical and experi-
mental investigations of K capture and positron
emission have continued and are discussed in rela-
tion to the fundamental beta decay interactions.
Continued interest in decay schemes is evidenced
by a report on Se’*. Improved sensitivity of de-
tection has been achieved in the most recent at-
tempts to observe the nuclear capture of neutrinos.
This experiment has involved the use of facilities
at one of the Savannah River production reactors.

Interest in the chemistry of isotopic molecules
as well as in the application of isotopes to the
solution of varied chemical problems has con-
tinued at a high level. The general problem of
calculating the free energy differences of pairs of
isotopic molecules has been attacked by approxi-
mation methods. In another project, the vibra-
tional frequencies and intensities of deuterium-
substituted benzenes have been obtained by ma-
chine computation and compared with experi-
ment. Computations were carried out with the
Univac at the New York University Computing
Facility. It is perhaps worth noting that these cal-
culations, in conjunction with the above-men-
tioned Monte Carlo calculations, represent a sig-
nificant increase in the use of machine methods
for the solution of problems of interest to the De-
partment. The theory of reaction rates, and in
particular the isotope effect on rate, is considered
in the light of some new theoretical ideas. Isotopes
have been used to investigate the role of solvent
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in electron exchange reactions and in the study
of thallium complex ion formation. A program
of characterization of ancient ceramic objects
through observation of the gamma activity in-
duced by neutron activation has been carried
forward. This work is being done in collaboration
with archaeologists associated with the Institute
for Advanced Study at Princeton University.

In the field of mass spectrometry several ad-
vances in instrumentation have opened up new
avenues of approach to nuclear and geochemical
problems. High sensitivity techniques have been
successfully employed to determine approximate
yields of certain nuclides produced by Cosmotron
irradiation and to measure the cesium concentra-
tion in stony meteorites.

Chemical effects of radiation have been studied
in both organic and inorganic systems. A prelim-
inary investigation of the radiation chemistry of
hydrocarbons absorbed on solids is described, and
results are discussed in relation to the possible
origin of natural gas. Work involving homoge-
neous organic systems is also reported. In aqueous
systems, the main interest has been the investiga-
tion of the variation in product yields with changes
in ionization density.

A theoretical approach to the understanding of
the chemical effects produced by nuclear trans-
formations has been developed, based upon the
Seitz and Koehler model of the slowing-down of
energetic atoms in solids. Reports of experimental
work cover some isotope effects in Szilard-Chalmers
reactions as well as reactions of recoil tritons with
gaseous methane.

As in past years, tracer techniques have played
a major role in the elucidation of organic reaction
mechanisms. The mechanism of carbinol-olefin
interconversion has been studied with O*8. Tritium
and deuterium labeled compounds have been used
to study the biosynthesis of nicotine in tobacco root
cultures. This work has been performed in collab-
oration with the Botany Department of Columbia
University. Continued interest in the study of the
mechanism and applications of recoil labeling has
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led to new and significant results in certain aro-
matic systems.

Activities in the field of structural chemistry are
quite varied and include molecular orbital calcu-
lations, spectroscopy, neutron and x-ray diffrac-
tion, and magnetic measurements. During the
past year a molecular orbital calculation of the
quadrupole moment in carbon dioxide has been
carried out. The infrared spectrum of the nitrite
ion has been investigated with N**-labeled com-
pounds, and the force constants have been ob-
tained. As part of a continuing program of in-
vestigation of magnetic materials by means of
neutron diffraction, the antiferromagnetic struc-
tures of a series of manganese chalcogenides have
been determined. These are discussed in the light
of current theories of magnetism. Theoretical
studies have been made of extinction effects in the
diffraction of neutrons by both magnetic and non-
magnetic crystals. Fluorescence and phosphores-
cence spectra of certain indole derivatives have
been examined at low temperatures. Spectra of
such substances have also been used as a tool for
investigating the degree of homogeneity of solu-
tions at low temperature. In another series of ex-
periments the symmetries of fields about ions in
solution have ben studied spectroscopically.

The work of the Department has been materi-
ally aided by a number of visiting scientists from
academic, governmental, and industrial institu-
tions in this country as well as from institutions
abroad.

NUCLEAR CHEMISTRY

High Energy Nuclear Reactions

Chemists continue to use the Cosmotron for
the study of reactions between complex nuclei and
protons with energies in the Bev region. In most
such investigations, the radioactive products of
the reactions are detected and measured by virtue
of the characteristic radiations they emit. How-
ever, during the past year it has also become pos-
sible, at least in special cases, to measure the rel-
ative yields of reaction products mass-spectro-
metrically. This technique is applicable to products
with half-lives in excess of =1 hr and is particu-
larly important for the measurement of very long-
lived and stable nuclides, which cannot be de-
tected radiochemically. Specifically, the yields of
cesium and rubidium isotopes from the bombard-
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Figure 1. Multiplicity of heavy prongs (Z>>2) per star
observed in the irradiation of D-1 emulsions by protons of
various energies. (Only stars with prongs totaling 8 or
more units of charge are included.)

ment of gold with 3-Bev protons have been deter-
mined mass-spectrometrically, and upper limits
of 0.002 mb could thus be placed on the cross sec-
tion for formation of the long-lived isotopes Cs'*
and Cs'*" from gold. The technique used is dis-
cussed in the section on mass spectrometry. Work
is continuing on the extension of the surface ioni-
zation technique used in this research to other
elements produced in Cosmotron targets.

Another technique successfully employed dur-
ing the past year to supplement radiochemical
data is the detection of nuclear reaction products
in photographic emulsions. The emission of
fragments heavier than alpha-particles in inter-
actions between the AgBr of Ilford D-1 emulsions
and protons of 0.4, 2.0, and 3.0 Bev was investi-
gated. In a preliminary study, the average num-
ber of such fragments per interaction (including
the recoil nucleus) was found to increase from
approximately 1.01 at 0.4 Bev to about 1.8 at 2
and 3 Bev. Figure 1 shows preliminary data on
the frequency of events with 1, 2, 3, and 4 heavy
fragments per star. Measurements of track lengths
and angular distributions of such fragments are
in progress, and work is continuing with improved
emulsions and track-measuring techniques which
will make it possible to determine the nuclear
charges of some of the fragments.

Eventually it is hoped that it will be possible
to correlate these emulsion studies with the results
of radiochemical investigations on the emission
of light fragments from heavy nuclei. Along this
line, the formation of C'* (half-life 20.5 min) from
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Figure 2. Cross section for formation of C'' at 1, 2,
and 3 Bev as a function of target mass number.

a variety of target elements of 1, 2, and 3-Bev pro-
tons has been investigated in the past year. The
results shown in Figure 2 are qualitatively similar
to those obtained earlier on the production of F'#
and Na** and described in last year’s report. In all
these cases the minima in the ¢ vs 4 curves indicate
strongly that different mechanisms are responsible
for the formation of these fragments from light and
heavy target elements. It is not yet clear whether
the production of light fragments such as C'" from
the heaviest elements can be ascribed to a very
asymmetric fission process following distribution
of excitation energy throughout the nucleus, or
whether it results from a rapid breakup process
(termed fragmentation to distinguish it from fis-
sion).

Other experiments on the interaction of 3-Bev
protons with the heaviest elements have been
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Figure 3. Cross sections for the formation
of Pa isotopes from uranium.

undertaken to gain further insight into the various
mechanisms operative in these reactions. Because
of the Cosmotron breakdown in February 1957,
only fragmentary results are available. The cross
sections for the formation of several protactinium
isotopes in 3-Bev proton bombardments of ura-
nium are shown in Figure 3. The yields are lower
than those reported for 340-Mev proton bombard-
ments. This observation confirms the conclusion,
previously reached in experiments with copper
and bismuth, that the cross sections of relatively
simple reactions, i.e., reactions involving mass
changes of only a few units, decrease as the bom-
barding energy is increased above about 300 Mev.
The probability of small energy transfers to the
bombarded nucleus apparently decreases with
increasing bombarding energy. The shape of the
yield vs mass curve for the Pa isotopes is stmilar
for the two bombarding energies; the drop in cross
section with decreasing product mass may be
ascribed to the competition of fission with nucleon
evaporation at each step in the de-excitation of
the excited intermediate nucleus formed during
the initial interaction.

The yields of some nuclides in the fission prod-
uct region resulting from heavy-element bormbard-
ments have also been investigated. The cross sec-



Table 1

Cross Sections (in mb) for Production
of Ba and Mo Isotopes in 3-Bev
Proton Bombardments of Heavy Elements

Target
Product U238 U235 Th232 Bi209

Ba'® 9 10 8 <0.008
Ba' 7 8 4 5
Ba'#® 10 13 7 11
Ba'?® 9 11 8 7
Mo*® 31 37 21 29
Mo®* 1.1 0.5 1.1

tions for formation of several barium and molyb-
denum isotopes in the bombardment of U?*®, U**°,
Th?*?, and Bi*°® by 3-Bev protons are listed in
Table 1. Separate experiments, in which U** and
U?3® foils were irradiated simultaneously, have
shown the cross sections to be significantly differ-
ent for the two target isotopes, with 0,;5/0,35 1.3 to
1.4 for the neutron deficient Ba products and 1.15
for Mo®® and Ba'*°.

Monte Carlo Calculations
of High Energy Reactions

Practically all attempts at interpretation of high
energy reactions have been based on a model
originally suggested by Serber. In this model the
incident particle initially interacts with an in-
dividual nucleon in the target nucleus. The col-
lision partners may escape from the nucleusor
undergo further interactions with other nucleons;
this so-called nuclear cascade continues until every
particle involved has either escaped or been so
degraded in energy that on reaching the nuclear
surface it cannot leave the potential well. The
highly excited nucleus resulting from this fast
cascade (=~107?' sec) is then thought to de-excite
on a much slower time scale (=10 sec) by
“evaporation” of successive nucleons or aggregates
of nucleons; fission into large fragments may com-
pete with evaporation.

Extensive calculations of high energy cascade
processes have been carried out by the Monte
Carlo method in a joint program with groups at
Los Alamos, the University of Chicago, and
Columbia University. The use of the fast electronic
computer at Los Alamos (Maniac I) made it
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Figure 4. Average excitation energy after nuclear cascade
as a function of bombarding energy, as computed by
Monte Carlo calculation.

possible to make important improvements over
previous calculations in terms of greater statistical
accuracy, the use of three-dimensional rather than
two-dimensional geometry, and extension to
energies up to 2 Bev with the inclusion of pion
production and pion interaction processes. The
target nuclei investigated were Al, Cu, Ru, Ce, Bi,
and U, and a series of incident proton energies
from about 80 Mev to 1.8 Bev was used for each.
A typical run for a given target and bombarding
energy involved 500 to 1000 incident particles.
The number, kind, energy, and direction of the
particles emitted in each cascade, and the charge,
mass, and excitation energy of the residual nucleus
were tabulated. The results of the calculation are
much too extensive to be even summarized here.
One striking feature of the data, the rapid increase
in residual excitation with increasing bombarding
energy above the pion production threshold, is
illustrated in Figure 4. This confirms quantita-
tively the qualitative suggestion made earlier that
pion production and reabsorption provide an im-
portant mechanism of energy transfer to the bom-
barded nucleus.

Comparisons of the Monte Carlo cascade cal-
culations with nuclear emulsion data on numbers,
angular distributions, and energy spectra of
emitted nucleons, and with radiochemical data
on residual nuclei, show encouragingly good
agreement. Some systematic discrepancies have
appeared, however, and these have led to refine-



36

ments in the model used. For example, the cal-
culations predict cross sections for p,pn reactions
which are too small by a factor of 2 or 3. Since
such reactions presumably involve mostly the
simple knocking out of a neutron and therefore
take place largely near the periphery of the nu-
cleus, it is thought that the introduction of a taper-
ing nucleon density distribution instead of the
uniform density model used so far will improve
the agreement with experiment. Calculations with
such a tapered-edge model are now in progress.
For detailed comparisons with radiochemical
data, the cascade calculation needs to be supple-
mented with calculations of the de-excitation proc-
esses. A Monte Carlo calculation of the evaporation
phase has therefore been set up, again with the
cooperation of the Los Alamos computer group.
So far the emphasis has been on making the proper
choice of a number of parameters; but this phase
of the calculation has been essentially completed,
and enough useful results have been obtained to
make it appear profitable to pursue the calcula-
tions further on the basis of the model adopted.
Refinements will have to be added, one of the im-
portant ones being the inclusion of fission among
the possible competitive processes at each step in
the de-excitation. Even then, it is felt that some
reactions in the Bev energy range will not be ex-
plainable in terms of the model used, but will re-
quire additional mechanisms, such as the fast
fragmentation process previously postulated.

K Capture and Positron Emission

During the past year studies on the relative
probabilities of K-electron capture and positron
emission in effecting transitions between charac-
terized nuclear states have been directed towards
the derivation of information on the fundamental
beta decay interactions. In the course of this work
the effects of screening of the nuclear potential by
the atomic electrons were found in part to have
been incorrectly evaluated in the published litera-
ture. Corrected screening and finite nuclear size
effects were taken into account in the calculation
of theoretical K-capture/f3* ratios which have been
correlated with the experimental values. Further-
more, approximation formulas have been derived
to make possible the simple and quick calculation
of K-capture/f* ratios for the several nuclear
matrix elements of interest, relative to the ratio for
allowed transitions.

A comparison of theoretical and experimental
ratios for the first-forbidden unique transitions in
I'*¢ and Sb'** has shown that the ratio of the beta
interaction coupling constants G,/Gy is 0.01=0.06
inI'**and 0.0320.12 in Sbh***, Similar conclusions,
derived from studies of allowed transitions, are
to be found in the literature. In the case of the
unique transition in Rb** decay, a discrepancy
exists; it is hoped that results of experiments now
in progress with this nuclide will be amenable to
reasonable interpretation.

The correlation with theory of measured A-
capture/positron ratios for first-forbidden transi-
tions with zero spin change offers additional pos-
sibilities for obtaining information about the beta
decay interactions. The results of measurements
made here and elsewhere are available for three
such transitions, which occur in the decay of As™,
Rb*, and 1'*%, In the first two cases the observed
ratios K-capture/” are about 1.5 times those ex-
pected for allowed transitions. The result for I'*,
judged to be less reliable, is qualitatively different;
and new measurements by a relatively direct
method are being made. Assuming that the obser-
vations for the transitions with zero spin change in
As™ and Rb*®* are correct, it is possible to arrive
at certain conclusions. The observed ratio, which
is made up of contributions to both capture and
positron emission by each of several nuclear matrix
elements, may be compared with the ratio which
would be obtained if each matrix element alone
were operating to produce the transition. In this
way it is possible to get some idea of their relative
contributions. Capture-positron ratios larger than
allowed ratios were found to be associated with two
matrix elements of the tensor interaction and with
the pseudoscalar interaction. In comparison with
allowed ratios, as the transition energy increases,
the tensor ratios increase less rapidly than the
pseudoscalar ratio, other factors being equal. Thus
a comparison of transitions having different ener-
gies but the same Z values may make it possible to
determine which of these matrix elements are
responsible for the high ratios observed in transi-
tions of the type occurring here.

Decay Scheme of Se’*

Interest in the determination of the yields of Se™
produced in Cosmotron targets has led to an in-
vestigation of the decay scheme of this nuclide.
The Se™ was made by alpha-particle irradiation
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Figure 5. Decay scheme of Se™.

of germanium enriched in Ge’™. Results are
summarized in the scheme shown in Figure 5.
Comparison of the X-X and X-y coincidence rates,
measured with a 100-channel coincidence ana-
lyzer, was used to derive the value for ay; and
comparison of the intensities of the K and L con-
version lines in the intermediate-image beta spec-
trometer determined the K/L conversion ratio.
These two quantities, the gamma-ray energy, and
the Z value establish that the 46-kev transition is
electric dipole; and the spin of the 46-kev state
is fixed by this fact together with the knowledge
that the transition is very probably allowed. The
ratio of the intensity of the x-rays to that of the
gamma-rays shows that substantially all Se™
transitions are to the excited state of As™.

Neutrino Detection

The experiment to observe the nuclear capture
of neutrinos has been continued during the last
year in an effort to improve the sensitivity of de-
tection. One thousand gallons of carbon tetra-
chloride were irradiated with a high flux of neu-
trinos by placing tanks of the liquid adjacent to
one of the production reactors at the Savannah
River plant (Figure 6). The reaction looked for
was the following:

v+CI1F" > A¥ e

where v represents the neutrino. The neutrinos
emitted from a reactor arise from the negative beta
decay of fission products. The product, argon-37,
is radioactive and decays by electron capture (34-
day half-life) in a reaction which is the inverse of
that written above. Argon-37 was removed from
the liquid by sweeping with helium gas, and then

Figure 6. Two 500-gal tanks of carbon tetrachloride and
associated helium sweeping equipment used in the Brook-
haven neutrino experiment.

isolated from the helium gas, purified, and placed
in a low-level counter for measurement. The most
recent results show that the cross section for the
above reaction is (1.1220.2) X 10-*° cm? for fission
product neutrinos. The activity observed was
found to decay with the proper half-life for argon-
37 within the statistical uncertainty of the ob-
servations. It is possible for argon-37 to be pro-
duced in the carbon tetrachloride by cosmic radia-
tion and fast neutrons. A number of auxiliary ex-
periments designed to study these background
effects have been performed. However, at the
location near the Savannah River reactor where
the tanks were irradiated, the background argon-
37 produced by these effects should be lower than
the amount observed by at least a factor of 10. It
is therefore tentatively concluded that the argon-
37 observed arose from neutrino capture. Further
experiments will be carried out to check this point.

The theoretically calculated cross section of the
above reaction depends upon the nature of the
neutrinos emitted by the reactor. If chlorine-37
is irradiated with the identical kind of neutrinos
emitted in the radioactive decay of argon-37, then
the cross section for the above reaction should be
5.2 x10~** cm?. However, fission product neutrinos
arise from negative beta decay and are not neces-
sarily identical with those emitted in the decay of
argon-37. Recent experiments directed toward a
study of parity nonconservation have demon-
strated that neutrinos emitted by beta decay
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processes are polarized, and it is possible that only
the neutrinos from the reactor with the correct
spin orientation will be capable of inducing the
reaction written above. Recent theories, for ex-
ample, propose that there can be neutrinos (v) and
antineutrinos (7), each capable of existing in two
spin states, that is, with the spin directed either
along or opposed to the direction of motion (right-
handed and left-handed helicity). If, however,
neutrinos and antineutrinos are identical, then,
of the neutrinos emitted by the reactor, only those
with the correct spin orientation should be capable
of carrying out the reaction. On this basis the ob-
served cross section would be expected to be below
the value of 5.2 X 10-** cm?, and possibly even
zero, if neutrinos and antineutrinos are not
identical.

Further experiments will be performed with the
1000-gal tanks to check these results and to study
background effects. Plans are also being made to
improve the sensitivity of the experiment by the
use of larger volumes of carbon tetrachloride.

CHEMISTRY OF ISOTOPES

Statistical Mechanics of Isotopic Molecules

The exact calculation of the difference in free
energies of a pair of isotopic molecules in the
gaseous state requires a knowledge of the zero-
order vibrational frequencies and anharmonicities
of the isotopic molecules. For most polyatomic
molecules such detailed information is not avail-
able. It has been known for several years that
significant results can be obtained by the sim-
ple first quantum correction approximation,
(Y1) (h/kT)*Y (w,"* —w,*), where o’ and w are the
vibrational frequencies of the two isotopic mole-
cules. The sum rule in w;*, which expresses the
invariance of 3 ,w,;* for isotopic isomers and
similar systems, follows directly from the theory
of harmonic vibrations. This theorem permits ex-
pression of the difference in free energies of a pair
of isotopic molecules directly in terms of force
constants and atomic masses without detailed
solution of the molecular dynamics. One obtains
directly the rule of the geometric mean, the
theorem that isotopic isomers have identical
chemical properties, and the theorem that the
difference in free energies of a pair of isotopic mole-
cules is independent of the isotopic composition of

the other atoms in the molecule. Comparison of
the results obtained by the method of the first
quantum correction with experiment and with
exact calculations, where these can be made,
shows that the results of the approximate method
are valid over a much wider temperature range
than would be anticipated a priori from the nature
of the first quantum approximation.

This agreement suggests that the contributions
to the free energy differences of such isotopic sys-
tems from the higher quantum corrections are
small. This has been investigated in detail by
means of a complete series expansion of the differ-
ence in free energies of isotopic molecules in
powers of aw?, where a =(4/kT)? and through
the higher-order sum rulesin 3 (w;,*" —w;,*").
The series expansion is valid for hw,/kT <27 and
thus includes the isotopes of hydrogen above
1000° K. By using this power series expansion it
can be shown that the difference in chemical
properties of isotopic isomers arises from inter-
actions in the molecule between nonbonded
equivalent atomic positions. Since such inter-
actions are small compared with the valence
forces, the deviations from the results of the first
quantum correction are small. In the case of the
three isomeric dideutero-ethylenes the nonbonded
interactions give rise to the bending vibrations,
and thus these vibrations will contribute directly
to the differences in free energies of these isotopic
isomers. Other types of interactions contribute to
the higher terms which result in deviations from
the rule of the geometric mean. These are associ-
ated with the simultaneous motion of the isotopic
atom and other atoms bound directly to it in the
molecule.

The method also facilitates the evaluation of
the isotopic exchange equilibrium constants for
complex molecules and simple systems for which
there is insufficient spectroscopic data from which
to make exact calculations. Thus the temperature
coefficient of the O'® paleothermometer, CO,"-
H,O, PO,=-H,0, etc., exchange is readily evalu-
ated in good agreement with experiment.

Frequencies and Intensities in the Vibrational
Spectra of Deuterium-Substituted Benzenes

The vibrational spectrum of benzene has been
a subject of continuing interest for many years,
since it yields valuable information about the



structure, intramolecular forces, and bond mo-
ments and polarizabilities of this important mole-
cule. Both frequency and intensity measurements
have been made for benzene and some of its
deuterium derivatives, notably by Ingold et al.,
Langseth and Lord, and Whiffen et al. The devel-
opment of high-speed digital computers has made
feasible normal coordinate treatments of molecules
previously intractable because of their size and
lack of symmetry. This is the case for some of the
less symmetrical deuterium-substituted benzenes,
and this molecule presents an excellent example
for such machine computation. For example, the
symmetry of benzene makes it possible to factor
the vibrational secular determinant into blocks,
the largest of which is 4 rows by 4 columns. But
for 1,2,4-benzene-d, the symmetry is so low that
the secular determinant contains a block 21 %21
in size. The evaluation of this determinant with a
desk calculator would require man-years of work.
The digital computer used for this work was the
Univac at the New York University Computing
Facility. The general machine procedure and cod-
ing used in this problem had been developed
previously, and were carried out by the personnel
of the Computing Facility.

The coordinate system generally used in setting
up the secular equation of motion in such a prob-
lem is a set of symmetry coordinates. Each of these
is expressed as a function of internal coordinates
such as bond stretches, and changes in interbond
angles. Unfortunately, the machine code is such
that this type of coordinate does not lead to a sec-
ular equation of the correct form for solution. In-
stead, a transformation is required which leads to
a secular equation in terms of mass-weighted
Cartesian coordinates. This transformation, to-
gether with internal force constants previously
obtained, and suitable molecular parameters, per-
mits the machine calculation of the desired vibra-
tional frequencies. Simultaneously, the calculation
yields data which describe the motion of each
atom in each fundamental vibration. This in-
formation is used for the intensity calculations.

The results of the machine computation may
be summarized as follows. From the observed
frequencies and intensities obtained from a few
of the most symmetric molecules, frequencies and
intensities may be calculated for all the isotopic
species. Where a comparison is possible, the cal-
culated results are in good agreement with ob-
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servations. In some cases there are indications that
new spectroscopic investigations are in order.

The calculated frequencies may be examined
in light of the isotopic sum rule discussed in the
preceding section. In the present case this may
be stated in the form

633w, "(CeH,D,) =23 10" (CeHg) 4+ > 10" (CeDs).

A general relationship of this type with n=2 can be
derived from the theory of small harmonic vibra-
tions. Empirically the rule with n=1 has been
found applicable to all molecules for which there
are enough spectroscopic data to test it; however,
no general proof has been found. In the case of
the deuterated benzenes, where for many of the
compounds the sum rule cannot be tested empiri-
cally, the linear rule, based on calculated frequen-
cies obtained from an experimentally determined
potential function, has been found to be accurate
to 1 part in 10,000. Even more striking is the
agreement to about 1 part in 100,000 for the sums
of frequencies for isotopic isomers; e.g., ortho-,
meta-, and para-benzene-d,, despite the fact that
the differences in individual frequencies are orders
of magnitude larger. While the reason for this
agreement is not clear, it seems that it may be
influenced by the choice of force constants and
particularly by the neglect of interactions between
nonbonded atoms.

From the calculated frequencies, partition func-
tions, , may be computed for the various isotopic
species. These are found to obey the rule of the
geometric mean, e.g.,

Q,(CeHsD)/Q,(CGHe)-_—Q.(CGH4D2)/Q(CGH5D)-

Also, the ratio of partition functions for C;H,D
and C;H; may be obtained from experimental
data for isotope exchange constants which are
available in the literature. These give an experi-
mental value of the partition function ratio,
(s/5")f=10.94 at 25°C, in good agreement with
the spectroscopic value of 11.25.

Isotopic Effects in Reaction Rates

There are two important factors that contribute
to the discrimination of isotopes in the rates of
chemical reaction. They are the isotopic fraction-
ation, due to zero-point energy effects, between
the substrate and the activated intermediate, often
called the transition state or activated complex,
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and the relative frequencies with which two iso-
topic activated complexes vibrate in the appro-
priate mode to lead to the reaction products. The
latter factor has in the past been estimated in
many cases by the assumption that it is equal to
the ratio of frequencies with which a critical co-
ordinate between two atoms is exceeded in the
two isotopic molecules. This procedure represents
the admixture of the N.B. Slater theory of uni-
molecular reactions with the transition state
theory. A recent analysis of this process indicates
that it would seem preferable to define the critical
coordinate as the distance between the centers of
gravity of the two fragments in the transition state
which become the reaction products. To describe
the decomposition of the transition state into the
reaction products, a further restriction must then
be added, i.e., that the internal coordinates within
cach fragment must remain essentially constant.
The molecular fragment treatment leads, in gen-
eral, to a much smaller contribution to the isotope
effect from the rate of crossing the potential barrier
than the Slater coordinate.

In the case of intramolecular isotope effects,
comparison of theory and experiment shows that
the use of the Slater coordinate to evaluate the
frequency ratio factor is almost sufficient to ex-
plain the observed results. One would therefore
conclude that the zero-point energy effect in the
transition state from two nonequivalent isotopic
isomers is rather small. The latter factor can now
be estimated through a more reliable method
based on the extensions of the method of the first
quantum correction recently developed. A signifi-
cant contribution is anticipated from the zero-
point energy difference in the transition state. The
over-all intramolecular isotope effect estimated
by use of the molecular fragment coordinate and
the modified first quantum correction to the zero-
point energy of the transition state is in good
agreement with experiment. Essential agreement
in magnitude is also obtained with the results
based on the use of the Slater coordinate. How-
ever, the molecular fragment treatment predicts
a small but significant temperature coeflicient for
intramolecular isotope effects. This suggests that
experiments designed to measure the temperature
coeflicient of intramolecular isotope effects may
be valuable in sharpening the distinction between
the Slater and transition state theories of reaction
rates.

APPLICATIONS OF ISOTOPES
TO INORGANIC SYSTEMS

Electron Exchange Reactions in Heavy Water

The electron transfer reaction between ferrous
and ferric ions in solutions proceeds through re-
actions of the “uncomplexed ions” and complexes
of the ferric ion with anions. The specific rate con-
stants for reaction of the halide ion complexes of
ferric ion with ferrous ion are of the same order
of magnitude, and are within an order of magni-
tude of that for the reaction of “uncomplexed”
ferric ion. The reaction of FeOH** is unique and
is 1000-fold faster than that of the halide com-
plexes. To test the hypothesis of a hydrogen atom
transfer mechanism in the FeOH"” - Fe*” reaction,
the rate of exchange has been measured in D,O.
The specific rate constant is lower by a factor of 2
in D,O. A similar diminution in the rate was
found for the reaction of “uncomplexed” Fe * and
Fe*?in D,O. If the D,O solvent effect were much
larger, it would speak unambiguously for a hydro-
gen atom transfer mechanism.

The exchange reaction between FeCl** and Fe*
has now been measured in D,O to elucidate
further the role of the solvent in the rate process.
To obtain the specific rate constant from the rate
measurements, the complex formation constant in
D.O must be known. The latter has been studied
spectrophotometrically by the method used by
Rabinowitch and Stockmayer to establish the
complex formation constant in ordinary water.
The complex formation constant is 2.50.1 times
larger in D,O than in H,O. The specific rate con-
stant for the exchange reaction between FeCl**
and Fe* is lower by the same factor at 20°C.

The enhancement of the complex formation
equilibrium in D,O can be explained by the Born
model for calculating the free energy of solvation
of an ion. Because of the high charge, a small
change in the ion radius, consistent with the differ-
ence in molar volumes between H,O and D,O,
leads to prediction of the observed difference in
complex constants between H,O and D,O. Con-
siderations of a similar nature may account for the
isotope effect observed in the rate measurements.

Anion Complexes of TI(I) and TI(lil})

The effect of chloride, bromide, fluoride, and
cyanide ions on the equilibrium adsorption of

TI(I) and TI(III) on Amberlite IR-120(H) and



Dowex-1 chloride resins has been studied with
radiothallium as a tracer. It is concluded that com-
plexing of TI(III) by F- and CN" is so weak as to
be undetectable by the present method. Equilib-
rium constants for the chloride complexes have
been derived from the anion resin measurements
by the method of Coryell and Marcus. The forma-
tion constants for TICl,-, TICl,, TICl,-, TICI,
TICL,~, and TICl; 2 are 1.1 x10?% 1.2 10%, 3.3, 2.9,
0.33, and 0.13, respectively. The constant for
TICI, * has not been previously determined. Most
of the other constants are in substantial agreement
with the values obtained by independent methods.

Nondestructive Testing of Ancient Ceramic
Objects Through Neutron Activation

As a continuation of the program of correlating
the pattern of trace impurities in archaeological
objects with their geographic region of origin, a
study has been made of the extent to which the
analysis of such objects could be performed non-
destructively. It was shown that when the analysis
was based upon the observation of gamma-ray
activity induced in the object through neutron
activation, identical results were obtained whether
the entire object was irradiated and counted or
whether a small sample of it was removed, irradi-
ated, and counted. In some cases a large object
was covered with a cadmium shield except for a
small area exposed to irradiation. In these tests
and in more extensive studies of small samples,
the relative amounts of manganese, sodium,
scandium, lanthanum, and chromium could be
determined quantitatively in ancient ceramic ob-

jects without resorting to chemical separation or

other destructive procedures.
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