PHYSICAL REVIEW
LETTERS

VOLUME 14

25 JANUARY 1965

NUMBER 4

BALLOON OBSERVATION OF THE X-RAY SPECTRUM OF THE CRAB NEBULA ABOVE 15 keV*
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Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 15 December 1964)

A concentrated source of cosmic x rays with
energies above 15 keV has been observed in
a balloon flight conducted on 21 July 1964. The
sky was scanned with a directional x-ray de-
tector rotating about a vertical axis, and a
peak in the counting rate occurred when the
Crab Nebula was within the field of view of the
detector. Since the Crab Nebula is known to
emit x rays near 4 keV,! it is probable that the
higher energy x rays observed in this experi-
ment came from the same object. Assuming
this to be the case, the data yield an approxi-
mate determination of the x-ray spectrum of
the Crab Nebula in the energy range from 15
to 60 keV.

The x-ray detector was a scintillation count-
er employing a NaI(T1) crystal 97 cm? in area
and 1 mm thick. A collimator of brass slats
gave a field of view +16° wide in one direction
and +55° wide in the other. A Mumetal shield
and a layer of -inch lead sheet covered the
sides and back of the photomultiplier. The
pulses were fed to a five-channel differential
pulse-height analyzer and scaler. The indica-
tor lights from the scalers were photographed
on a moving film together with the indicator
lights of a scaler driven by a crystal-controlled
oscillator which provided the time base of the
experiment. The apparatus was suspended so
that the detector axis was inclined at 35° to
the vertical, and the +16° direction of the field
of view was horizontal. The payload was ro-

tated by a line twister which had a period of
9.3 minutes. The azimuth of the detector axis
was determined every 20 seconds from a mag-
netometer reading, and intermediate values
were obtained by interpolation.

The detector was calibrated with 25- and
65-keV x rays. At both energies the distribu-
tions in height of pulses going into the five-
channel analyzer had half-widths at half-maxi-
mum of 37%. Using the centers of these pulse-
height distributions as calibration standards
we adjusted the discriminators to record pulses
of the average size produced by 9- to 15-keV
x rays in channel I, 15-28 keV in channel II,
28-42 keV in channel III, 42-62 keV in chan-
nel IV, and greater than 62 keV in channel V.
The energy loss of a minimum-ionizing par-
ticle traversing the crystal was greater than
600 keV so that most pulses produced by
charged cosmic rays were recorded in the fifth
channel only.

The balloon was launched at dawn from Pal-
estine, Texas. It reached a maximum pressure
altitude of 2.9 mbar about 3 hours before the
meridian transit of the Crab Nebula, and then
gradually descended, passing below 5 mbar
near the time of transit.

In order to search for x-ray emission from
a specific object with maximum sensitivity,
it was necessary to combine the data from many
rotations, taking into account the diurnal mo-
tion of the object. This was done by tabulating
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separately the number of counts and the ex-
posure time for each interval of relative azi-
muth measured from the object, and then di-
viding the total counts by the total exposure
time to find the average counting rate in each
of the intervals of relative azimuth. When this
procedure was applied for the case of the Crab
Nebula to the data obtained at pressure alti-
tudes above 3.9 mbar, it gave the results sum-
marized in Fig. 1. During this 80-minute pe-
riod of observation the zenith angle of the Crab
Nebula decreased from 35° to 18°, and its azi-
muth increased from 96° to 118° from geograph-
ic north. Distinct peaks in the counting rates
are seen in channels II, III, and IV at a rela-
tive azimuth about 10° greater than that which
would be expected for a peak due to the Crab
Nebula if the error in determining the magnet-
ic azimuth were negligible. Inspection of the
payload and calibration of the magnetometer
indicated the presence of systematic errors
in the magnetic azimuth determination that are
large enough to account for the discrepancy.
The shape of a peak due to a concentrated
source was measured in the laboratory by sus-
pending the payload as in flight and rotating
it uniformly past the direction of an artificial
25-keV x-ray source mounted above it. The
expected peak shapes for a source at a zenith
angle of 30° are indicated in Fig. 1. Also in-
dicated for each peak is the number of stan-

dard deviations by which the combined count-
ing rate in the central three intervals exceeds
the grand average around the entire circle.
The probability of these peaks occurring by
statistical fluctuation is negligible, and it seems
necessary to conclude that they are caused by
a source of x rays in a direction near and,
most likely, coincident with the Crab Nebula.

Information concerning the spectrum of the
observed x rays can be obtained from the data,
provided that proper allowance is made for
absorption in the atmosphere. Assuming that
the source is the Crab Nebula one can calcu-
late the thickness of the atmosphere along the
line of sight. When a given object crosses the
center line of the rectangular field of view,
the expected counting rate of pulses with sizes
in the interval from H, to H, can be expressed
by the formula

R=A(8) fHH aH [(E) exp[-p,, (E)x]

x{1-exp[ (E)t]}{1/0(2m)M?)

—“NaI

xexp|-(E-H)?*/2¢*)dE, (1)

in which A (6) is the projected area of the de-
tector in a direction lying on the center line
at an angle 6 from the detector axis, j(E)dE is
the intensity of x-ray photons with energy E
indE, p,;.(E) and py,1(E) are the mass ab-
sorption coefficients at energy E of air and

37— T T 1 T T T T T T T T I T T T T T T T

w6 >62Kev i
g S D S AP T S S N SIE ST S G S i 5 3
34— R A B 3 2R N O 2 Bk A A Rl st
33 —33
32— —32
a3 530
z 28— 42-62KeV ” - —128
S e TN s
S SN WA AR A i 3§ 3 v g F 371 s
o * 3 Y 6.50 * 1
w . —124
o
w2 28-42KeV /)\!\l Py
20— —
§|g z = 3T 3 ? 3 3 k] i ] Ij 3 33 7 290
ga T s S
= —Ar— I
“ ol 15-28KeV
E:?F : ) ; 82

—3l
230 i g ¢ ¥ 3 5% 7t s 3 LK S S
- 29 t TR LI — 29
= 9-I5KeV
2
27 3 —f27
°§s- Pgiid t ig 131 1313 3 L2 I
24 1} 3 L 3 :::
1 1 Il [ | L 1 I L | ! 1 1 11
-180 -160 -140 -120 100 -80 -60 -40 -20 O

| {
20 40 60 80 100 120 140 160 180

AZIMUTH RELATIVE TO THE CRAB NEBUL A (DEGREES)

FIG. 1. Average counting rates in the five pulse-height channels versus the magnetically determined azimuth
relative to that of the Crab Nebula. The peak near 0° in channels II, III, and IV is attributed to the X-ray source
in the Crab Nebula. The cause of the variations in channel I is not known, and may be instrumental.
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sodium iodide, respectively, x is the thickness
of the atmosphere along the line of sight, and

t the thickness of the sodium-iodide crystal.

In this expression the energy resolution of the
detector is represented by a Gaussian response
function with a standard deviation o.

The differences between the average back-
ground counting rates and the average peak
rates observed as the source crossed the field
of view were determined for each of the five
pulse-height channels during the portion of the
flight when the atmospheric thickness along
the direction to the Crab Nebula was between
3.5and 4.0 g cm™2. These differences, which
are the counting rates attributable to the Crab
Nebula, are shown in Fig. 2. The lines join
the expected values calculated for three as-
sumed incident differential number spectra
given by the formula

i(E)=iyE/E) ™Y, @)

with =1, 2, and 3, and normalized to the ob-
served value in channel III. The best fit for
channels II, III, and IV is obtained with a =2.
No peaks were observed in channels I and V,
for which only upper limits are indicated in
the Figure. It is evident that the spectral in-
dex above 60 keV is greater than 2.

The flux density I(v), which is the energy
incident per unit area, per unit time, and per
unit frequency interval, is related to the num-
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FIG. 2. Peak minus background counting rates from
the observed source for the five pulse-height channels,
Upper limits only are indicated for channels I and V.,
The dashed, solid, and dotted lines represent the ex-
pected variation in counting rates for incident spectra
in the form of power laws with spectral indices of 1,

2, and 3, respectively, and normalized to the observed
rate in channel III.

ber spectrum by the formula
I(v)=Ej(En, ®)

where k =dE/dv is Planck’s constant. Taking
a =2 and adjusting the constants j, and E, to
fit the rates observed in channel III, one finds
for the flux density the expression

IW) =1,(w/vy) 3, (4)
where
I,=(2.4£ 0.6)x10~% erg cm~2 sec™* (cps)~!
and
Ve="T.2x10' cps

over the range from 5.0x10'® to about 1.0x10®
cps, corresponding to the energy range from
20 to 40 keV. This result is plotted in Fig. 3,
together with an upper limit of 1.2x10~2 erg
cm™2 sec™! (cps)~! at ¥=2x10" cps (~80 keV)
derived from the negative result in channel V.
Also shown is a summary of the previous data
on the electromagnetic spectrum of the Crab
Nebula. The spectrum in the radio and optical
regions was taken from the recent review of
Moroz.?2 The optical portion is subject to con-
siderable uncertainties due to poorly known
corrections for interstellar absorption. The
spectrum from 3x10Y to 10*® cps was computed
from data of the Naval Research Laboratory
group.?

The results of this experiment are new evi-
dence against the idea that the x rays from the
Crab Nebula are the blackbody emission from
the surface of a neutron star. Previously, the
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FIG. 3. Summary of data on the spectrum of electro-
magnetic radiation from the Crab Nebula.
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observation of a gradual lunar occultation by
Bowyer et al.* indicated that the source was
not an unresolvable point as expected for any

the direction of the National Center for Atmo-
spheric Research. The data were processed
by Mr. Alfred Wan with the facilities of the

star, but rather an extended object with an
angular diameter of about 1’. Now, in addition,
in order to explain the x-ray intensity above
15 keV observed in this experiment, it would
be necessary to assume a surface temperature
of more than 6x 107 °K, which is considerably
greater than the theoretical limit of 1.6x10”
°K derived by Morton from an analysis of the
effect of neutrino processes in the core on the
rate of cooling.® On the other hand, the data
above 15 keV can be reasonably well fitted to
an incident spectrum of radiation emitted in
free-free transitions in a hot gas near 2x108
°K.

The apparatus for this experiment was con-
structed by Mr. William B. Smith. His assis-
tance throughout is gratefully acknowledged.
The balloon operation was carried out under

MIT Computation Center. I wish to thank

Dr. H. Friedman for permission to include the
recent data of the Naval Research Laboratory
group in Fig. 3.

*This work has been supported in part by the Na-
tional Aeronautics and Space Administration under
Contract and Grant No. NsG-386, and in part by the
U. S. Atomic Energy Commission under Contract
No. AT(30-1)2098.
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MECHANICAL PROCESS OF PARTICLE ACCELERATION INVOLVING
THE SLOW TRANSVERSE WAVE IN AN ELECTRON BEAM

D. C. dePackh
Nucleonics Division, U, S. Naval Research Laboratory, Washington, D, C.
(Received 1 October 1964)

Veksler! has suggested two mechanisms for
the coherent acceleration of heavy particles,
the second of which entails the coherent trans-
fer of momentum between a large number of
light particles and a negligibly small number
of heavy particles; this could ultimately result
in an effective transfer of velocity and thus in
very high energies for the accelerated parti-
cles. The intent of this note is to establish
the plausibility of a mechanism related to this
one, the light particles being electrons in a
beam and the heavy ones a number of positive
ions small enough that their mass and charge
per unit length of beam can be neglected com-
pared with those of the electrons. The electron
beam is supposed sufficiently relativistic that
the space-charge repulsive force is small and,
consequently, that only a few positive charges
are needed to keep the beam from expanding.
These positive charges are then tightly bound
to the beam, rather like balls contained but
rolling freely within a pipe. If it is supposed
that the pipe makes an angle 6 with the positive
direction and has an acceleration f in this di-
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rection, then the component of acceleration

at right angles to the pipe is f sin, and the
total acceleration of the contained balls in the
positive direction is fsin?9. Because this is
an even function of 6, the acceleration is ef-
fective even if the pipe is not straight but has
a sinusoidal or other configuration. For the
same reason the accelerated balls are not in
general locked in phase with such a transverse
wave; phase slippage over wave crests does
not impair the effectiveness of this mechanism.
The accelerated particles must of course ac-
quire a substantial component of transverse
velocity and will therefore generally have a
smaller forward velocity than the pipe.

To pursue this analogy, suppose that the
electron beam has transverse motion only in
the y direction and that at a given instant it has
the configuration y,(z,¢). The force F on the
positive particle with coordinates (z,y) is tak-
en to have the following characteristics:

(1) The tangential component (along the beam)
is zero; (2) the normal component is —Kd,, (1
-Bvgcosa/c) cosa, where d,, is the normal



