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The fluxes and energy spectra of deuterium, protons, and helium were measured on
the IMP-III satellite at a time near minimum solar activity. The deuterium differential
energy spectrum in the range 17-66 MeV/nucleon is cc 8 2 and, at 60 MeV/nucleon, the
relative abundance ratios are H2/Hed=0. 15 and H2/Hi=0. 05. If present values of experi-
mental cross sections for the production of H2 from nucleon interactions with He4 are
used, the observed deuterium abundance may be accounted for by the traversal of He4

through 4 to 6 g/cm of matter in cosmic-ray sources and the interstellar medium.

Measurements of He' in the primary cosmic
rays both above 100 MeV per nucleon' ' and
more recently at lower energies' are consis-
tent with the hypothesis that He' is produced
principally through the spallation reaction of
He on protons in the traversal of approximate-
ly 3-5 g/cmg of hydrogen in cosmic-ray sources
and in the interstellar medium. Consequent-
ly, we expect a small amount of deuterium to
be present in the galactic cosmic radiation,
also produced by spallation of He'. Although
a number of attempts have been made to mea-
sure H in the primary cosmic rays in differ-
ent energy ranges, ' ' either a clear identifica-
tion of primary H2 could not be obtained or it
was possible only to place upper limits of ap-
proximately 0.08 for the H'/H' ratio. In this
Letter we report the detection of deuterium
from the galaxy and the measurement of its
differential energy spectrum in the energy range
17 to 63 MeV per nucleon. Since the observa-
tions were made in interplanetary space on
the IMP-111 satellite (apogee 260000 km) with

no obstructions within the cone angle of accep-
tance for the incoming particles, there were
no corrections required for matter above the
detector, or for geomagnetic effects.

The cross section of the detector assembly
is shown in Fig. 1(a). This instrument was
used for the direct measurement of He' which
we recently reported. 4 The method of opera-
tion of the IMP-III detector system is similar
to that of the IMP-I instrument and has been
described elsewhere. ' However, the IMP-I
detector system could neither resolve the iso-
topes of helium, nor measure the differential
proton spectrum. Therefore, we have modi-

fied the IMP-III instrument so as to achieve
the resolution' required to separate He' from
He and H' from H'. D, and D2 are lithium-drift-
ed detectors, each 900 p thick with sensitive
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FIG. 1. (a) Cross section of the IMP-III cosmic-ray
(charged-particle) telescope of the University of Chica-
go. (b) Mass distributions for protons and deuterons
for three kinetic energy per nucleon intervals. Arrow
heads indicate theoretically predicted positions of pro-
tons (left) and deuterons (right) for each histogram.
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areas of 5.7 cm2. D, is a CsI(Tl) scintillation
crystal with two light-sensitive photodiodes
(not shown in the figure) mounted on the sides
of the crystal. To identify a charged particle
and to determine its energy, simultaneous pulse-
height analysis is made of the energy loss in

D, ( dE/—dx) and the total residual energy (E)
in D, for particles which are completely stopped
in the CsI(Tl) crystal [trajectory "B"in Fig. 1(a)].
The anticoincidence cup D4 eliminates most
of the background from nuclear interactions and

prevents analysis of penetrating particles [tra-
jectory "A" in Fig. 1(a)]. To obtain measur-
able fluxes of primary deuterium, we have an-
alyzed data obtained continuously over a pe-
riod of almost seven months from 29 May 1965
(launch date) to 25 December 1965. Approxi-
mately 10% of these data have been excluded
from analysis; this corresponds to -10' of
the time when the satellite was inside the earth' s
magnetosphere or when low-energy particles
from a solar-flare event were present.

In Fig. 1(b) we show mass histograms for
the three indicated intervals of kinetic energy
per nucleon. These distributions were obtained
by summing along the. calculated H' track' in
the two directional dE/dx vs Epu-lse--height
distributions. Such a method of data analysis
is typical for dE/dx-vs-E instruments and has
been described in the literature. '~4~'~' We have
shown4 that the IMP-III instrument is able to
resolve He' from He~. The left histogram in
Fig. 1(b) shows the resolution of this instrument
for protons of energy 31-61 MeV. The full width
at half-maximum is three channels in an ener-
gy region where the separation of the H' and
H2 tracks is 6.5 channels [arrow heads at bot-
tom left of Fig. 1(b)].

The strongest evidence for the existence of
deuterium comes from the mass histogram
labeled "deuterons 49-63.5 MeV/nucleon" (or
98-127 MeV total kinetic energy). It is not pos-
sible for protons to contribute to this distribu-
tion since the maximum energy loss or pulse
height in the D, detector produced by protons
of any energy cannot exceed 87 MeV. There-
fore, aside from background, only H' events
can contribute to this histogram. At the cal-
culated position of the H' track (arrow head
labeled H') we see a peak with a width of 3 chan-
nels. Since this peak has the same width as
the proton peak and since it is located at the
calculated position for the deuterium track,
we conclude that this peak represents deuter-

ium detected by the instrument. The principal
error in determining the deuterium flux is due

to the systematic error inherent in subtraction
of background. The analysis of background in
regions of the dE/dx vs -Ep-ulse-height distri-
butions where no particle events are expected
has shown that the frequency distribution of
background is a smooth function of the channel
number, ha. s a, characteristic shape, and increas-
es logarithmically with decreasing channel num-
ber. These properties of the background have
been used when we fitted the dashed curve to

portions of the mass histogram which did not
contain the deuterium peak. The number of
deuteron events shown in Fig. 1(b) has been
corrected for background, "represented by
the dashed curve below the peak. The standard
deviations are shown by vertical error bars
for each channel number. It is seen that the
dashed background curve falls well below the
error bars for the three channel numbers pro-
ducing the peak. In fact, no reasonable shift
of the background curve is consistent with the
identification of the entire peak as background.

The amount of deuterium was estimated in
two additional energy regions using the meth-
od of background correction described. In the
18- to 32.5-MeV, /nucleon energy window we
can only obtain an upper limit for the flux of
deuterium. In the 32.5- to 49-MeV/nucleon
interval the flux value is subject to a large sys-
tematic error due to background subtraction.

The deuterium differential energy spectrum
is shown in Fig. 2. For comparison me give
the differential energy spectra of He~ and pro-
tons over approximately the same energy in-
tervals for the same time period. The proton
spectrum and fluxes were obtained from the
same data used to derive the H' spectrum, and
the same background corrections were used.
The fact that tMs spectrum agrees with inde-
pendent measurements by another instrument"
provides additional evidence that our treatment
of the background is correct.

We conclude that the observed deuterium is
of galactic origin because (a) the data are tak-
en at times when there were no solar particle
events, and (b) the deuterium spectrum falls
off with decreasing energy in a manner simi-
lar to those portions of the He and H' spectra
which have been shown over the past few years
to be of galactic origin. "~"

Since deuterium is believed to be rare in as-
trophysical bodies" and since other evidence
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FIG. 3. Energy dependence of the abundance ratio of
H2/H4, I'(H2/H4), computed from the data of Fig. 2.
Production cross sections for H2 from He interacting
with protons in cosmic-ray sources and interstellar
matter are deduced from experimental measurements
by Tannenwald (Ref. 15) using 90-MeV neutrons and
Innes (Ref. 16) using 300-MeV neutrons.

FIG. 2. Observed primary differential energy spec-
tra for protons, deuterons, and helium nuclei, ob-
tained over the same time period, from June to Decem-
ber 1965, near the minimum of the present solar activ-
ity cycle. The deuterium spectrum can be represented
by dZ/dE~E+2. Errors shown for the proton, helium,
and deuterium data are due to both statistics and uncer-
tainties in the energy calibration. For the lower ener-
gy deuterium data, systematic errors due to subtrac-
tion of background may be large. The upturn of the
helium spectrum was already reported in Ref. 12.

indicates that the cosmic-ray He' has passed
through approximately 3 to 5 g/cm' of mate-
rial in traveling between the source and Earth, '
we first attempt to explain the observed deuter-
ium by assuming that (1) it is a daughter pro-
duct of the primary cosmic rays produced through
spallation within cosmic-ray sources and in
interstellar hydrogen, and (2) that the largest
contribution to the product of H' under these
circumstances would be from the observed spal-
lation reaction of He4 on protons. Therefore,
it is instructive to consider the abundance ra-
tio H'/He'—= I"(H'/He') as a function of energy
per nucleon (or velocity) over the energy range
covered by our measurements. The ratios de-
rived from the spectra of Fig. 2 are shown
in Fig. 3 for three energy intervals. It is seen
that as a function of energy per nucleon, I'(H'/
He') is energy dependent, having a value of
~0.06 near 25 MeV per nucleon, and rising
to approximately 0.15 to 60 MeV per nucleon.

For comparison, the observed abundance ra-
tio I'(H'/H') at 60 MeV per nucleon is 0.05+ 0.01
[or in units of magnetic rigidity the abundance
ratio I'(H'/H') = 0.005 + 0.001 at 0.7 GVI.

Solar modulation will not introduce any en-
ergy dependence in I'(H'/He') since both H'

and He have the same charge-to-mass ratios
and all reasonable models of solar modulation
depend upon some combination of magnetic ri-
gidity and velocity of the particle. Consequent-
ly, the values of I'(H'/He'), as a function of
velocity, at the orbit of Earth and in the near-
by interstellar medium are expected to be iden-
tical.

We now examine the factors which influence
the magnitude and energy dependence of I'(H'/
He'). Since we know of no direct measurements
of the production cross section for H2 from the
(He', P) reactions, we have assumed that such
cross sections are not substantially different
from those of (He', n) interactions, which have
been measured to be 45 mb at 90-MeV" and
34 mb at 300-MeV" neutron energy. Using a
value of 40 mb we have calculated the abundance
ratio I" (H'/He') for penetration depths of 3 and

6 g/cm' and show the results as the dashed lines
in Fig. 3. If we neglect ionization loss effects
and the production of deuterium from cosmic-
ray protons interactirig with helium in the in-
terstellar medium, we find that 6 g/cm' can
explain the experimental value for I at 60 MeV

per nucleon. The observed decrease of I' with
decreasing energy could be due to an energy
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dependence of the production cross section which
must approach zero for threshold energies.

The other factors which may influence the
magnitude and energy dependence of I' and must
eventually be considered are (a) energy loss
by ionization, (b) the kinematics of the (He4,

P) interaction, (c) production of deuterium by
cosmic-ray protons interacting with helium in
the interstellar medium, and (d) production by
other elements interacting with interstellar hy-
drogen. Since for a given velocity H' will lose
less energy by ionization than He4, this effect
will introduce an increase in I' as observed
at Earth, which will become larger with decreas-
ing energy. Compensating this energy-depen-
dent increase is a kinematic effect due to H'

nuclei emerging from (He', P) interactions hav-
ing a lower velocity than the incoming parti-
cles. The magnitude of these two effects at
any given energy will depend on the shape of
the spectrum of He' at the time of the interac-
tions, but in this Letter we do not examine the
consequences for various assumed source spec-
tra. Cosmic-ray protons interacting with he-
lium in the interstellar medium may account
for -30% of the observed deuterium. This is
based on the assumption that the abundance
ratio of protons to helium in the interstellar
medium is 10:1, and the fact that the proton
flux at the energies of interest (-50-200 MeV)
is about 4 to 6 times the helium flux in the equiv-
alent range of energy per nucleon. For the pro-
duction from elements other than He' and pro-
tons, we note that although C", 0", etc. have
large cross sections, compared with He4, their
fluxes are so low" that the additional produc-
tion of H' would constitute a, second-order cor-
rection. The reaction P+P -H'+m+ has cross
sections of &1 mb at the energies of interest"
and will not produce much additional deuterium.

If our assumptions are correct —especially
regarding the magnitude of the (He', P) cross
section —the present measurements point to
a value of -6 g/cmm for the traversal of cosmic
rays in interstellar matter and cosmic-ray
sources. However, this value could be reduced
by as much as 50% if one takes account of the
production of deuterium by cosmic-ray protons
interacti. ng with interstellar helium. It is like-
ly that the H and He' results may be consistent
with a common interstellar penetration depth,
once a quantitative treatment of cosmic-ray
propagation in the interstellar medium and source
material is considered, taking into account the

various effects which we have outlined. In par-
ticular, measurements of production cross
sections are needed at low energies. Further-
more, a better understanding of solar modula-
tion is required to determine the abundance
ratio He'/(He'+He') observed near Earth rel-
ative to its value in the interplanetary medium. '

Cosmic-ray deuterium detected here repre-
sents the third direct observation of H~ in na-
ture, and the first one from the galaxy. The
other two are terrestrial deuterium" and me-
teoritic deuterium (from carbonaceous chon-
drites)'9 whose abundance is similar to the
terrestrial value.
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Recently there has been a great surge of in-
terest in almost exact sum rules for the mag-
netic moments of nucleons. ' ' (By almost exact
we mean exact to all orders in the strong cou-
plings but only to the lowest order in electro-
magnetic and weak couplings. ) Besides provid-
ing a means for calculation of the magnetic
moments on the same level as the calculation
of G&/G by Adlers and Weisberger, e these
sum rules, taken together with the Adler-Weis-

berger sum rule, constitute a useful tool for
investigating the nature of the dynamical approx-
imations that underlie higher symmetry schemes.

The purpose of the present note is to report
on a set of sum rules which follow from an in-
finite-dimensional algebra, which contains
(and may be regarded as the most natural ex-
tension of) an algebra suggested by Gell-Mann. '
In order to specify the algebra we consider the
function

(k, k)i(2~) 5 (P'+k -P-k)op . 44
/l. P

= fd xd y e (p'l[T(J (x) J (y))-ip (x)5 (x-y)]IN).
4 i(k'x ky) o. P . o.P 4

p, p p. p

Here o, p are isotopic indices, p. , v are Minkowski indices, k, k (p, p) are outgoing and incident
"photon" (nucleon) momenta, and J&~ is the conserved isospin current which participates in weak
interactions, BI"J ~=0.

The second term in the right-hand side of Eq. (l) is designed to compensate for the noncovariant
nature of the T-product, so that M&~+P is a, covariant object. The simplest equal-time commuta-
tion relations which ensure this covariance are

[Z (x), J (y)] =is ~Z ~(x)5 ( -y),
+o =So

[& (x), & (y)] =is J (x)5 (x-y)+is [p (x)5 (x-y)]
0 ' n xo=yo n m mn


