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Absirect

By counting H03 particles with a proportionsl countar;the
differential cross sections for the reaction B(d,n)He3 have bean
measured at laboratory angles from 16.5 degrees to 38,2 degrees (39.3
degrees to 95.0 degrees in center of mass system), for an incident deuteron
energy of 10,3 Mev., In the center of mass system, ths differential cross
sectlon is 4.5 x 10-2? cm2 at 90 degrees, decreasing to a minimum of 2,2
:1:10-27 cm? at about 45 degrees, and rising steeply mt lower angles,
By determining the neutron yield with Cue'3 (n,zn)_Gu():2 detectors, the dif-
- ferential cross séction at zero degress is found to be about five times

that at 90 degrees (ceanter of mass),
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CR(BS SECTION AS A FUNCTION OF ANGLE FOR THE D(d,n)Ho3

REACTION FGR 10 MEV BOMBARDING DEUTERONS

I. troductio

3

Since the discovery of the D+ D —>He” +n reaction by Oliphant,

l -
Harteck, and Rutherford , a number of investigations _2 H of the yield
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1, Oliphant, Harteck, and Rutherford, Proc, Roy. Soc. (London) Al4L,
692 (1934). '

2, Manley, Coon, and E, R, Graves, Phys. Rev. 70, 101 (1946).

3. Bennett, Mandeville, and Richards, Phys, Rev, 69, 418 (1946).

4. H. T, Richards, Phys, Rev. 60, 167 (1941).

5. R. Ladenburg and M, H. Kanner, Phys. Rev, 52, 911 (1937).

6. Amaldi, Hafstad, and Tuve, Phys. Rev, 5}, 8% (1937).

7. R. B, Roberts, Phys. Rev, 5}, 810 (1937)..

8. R. Ladenburg and R, B, Roberts, Phys. Rev., 50, 1190 (1936).

9., T. W, Bonner and W, M, Brubaker, Phys, Rev. 43, 19 (1936),

10, Kempton, Browne, and Maasdorp, Proc, Roy. Soc. (London) Al57, 386
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11. K, D, Alexopoulos, Helv. Pays. Acta 8, 601 (1935),

and the angular distribution of the products havs been made for bombarding
energiss below five Mev, The earlier measurements on the angular distri-
bution were made at zero and 90 degrees to the beam direction and the dif-

ferential cross section in the center of mass system was fitted to a
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(1+ A(E) Cos® @) law, This law has been found to hold 1227 at a number

of angles for the competing reaction, D+D —>1{3+ Hl.

12, Bretscher, French, and Seidl, Phys, Rev, 73, 815 (1948),

13. Manning, Huntoon, Myers, and Young, Phys. Rev. 6L, 371 (1942).
1,. Huntoon, Ellett, Bayley, and Van Allen, Phys. Rev, 58, 97 (1940).
15. H. Neuert, Physik. Zeits, 39, 890 (1938),.

16, H. Neuert, FPhysik, Zeits, 3§, 122 (1937).

17. K. D, Alexopoulos, Helv, Phys, Acte 8, 513 (1935).

For the D(d ,n)He3 branch of the reaction in the bombarding energy

18-
region above one Mev, more recant work 19 shows that terms up to Cos,6 )

18, Blair, Freiar, Lampi, Sleator, and Williams, Phys, Rev, 74, 1599 (1948).
19. G. T. Hunter and H, T. Richards, Bull. 4m, Fhys, Soc. 23, Ko, 7, 14 .(1948).

must be included in the Fourior expansion of the differential cross section

20

as a function of angle, Konopinski and Teller have formed & qualitative

theory of the angular variation of this reaction showlng how A(E) (the
soefficient of the first term of the Fourler axpansion) shonld change with
the energy of the bombsrding deuterons.

For bombarding energies above five Mev, very little experimental




or theoretical research haa been done on this reaction, Preliminary work
in this laboratory at 10 Mev over limited angular range has been previously

reported, 21 The thick target yield of neutrons from this reaction has been
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The present experiment consists of bombsrding a thin deuterium gas
target with 10 Mev dsuterons from the Los Alamos 42 inch cyclotron and counting
the number of reaction particles which come off at various angles per coulomb
of beam current, From these values and the geometry of the system,the dif-
feraential cross section 1s caleulated, Since ths cyclotron does not hold
the energy of the deuterons constant (see Table iI), this energy is measured
at frequent intervals and all date corrected to 10,3 Mev, For center of
mass anglas larger than 39 degrees the H03 particles were counted by means of
a proportional counter, For zero degrees the neutrons from the reaction were
counted indirectly by measuring the 10 minute activity produced in copper

foils by a Cv.63 (n,Zz:a)Gu62 reaction, The essential results of this research

23
have been rsported in a Letter to the Editor in the Physical Revilew,




II. Apparatug
The equipment used in this experiment was, in general, the same

as that described by Curtis, Fowler, and Rosen, 24 The general outline

of the apparatus is shown in Fig., 1., The 10 Mev deuteron beam passes from
the focusing magnet and thence into a six foot length of six inch diameter
tubing, Gold defining slits, together with an anti-scattering slit in this
tubing,collimate the beam to 0,6 degrees as it enters the l/alinch dliameter
mica window of the gas target., In order to cut dowﬁ on background due to
neutrons, and also to confine the source of neutrons (Section IV) the gas
targets were designed as short as possible consistent with the condition
that the volume defined by the slit of the counter not include any material
being bombarded by the deuteron beam except the deuterium gas. Rutherford
scattering in the front mica window of the targst was small for 10 Mev
deuterons; the measured effective spread of the beam after passing through
the window was increased from * 0,6 degrees to ¥ 0,3 degrees; less than one

> in the beam was scattered at such an angle as to strike the

deuteron in 10
target wali in front of the proportional counter slit system, After passing
fhrough the gas target, the beam entered the Faraday cage which was used

with a current integrator to monitor the beam, The cage could be movad to
allow the beam to continue to the analyzing magnet for energy measurements,
The slit system defining the Heo particles consisted of a 1/8

inch vertical slit attached to the target immediately in front of the




target window and a 1/8 inch hole in the proportional counter. Since
there was nothing between the target and an absorber foil immediately

in front of the counter to produce scattering of particlss into the
counter (Fig, 1), an anti-scattering slit between the targst and

the counter was unnecessary, Reactlon volume and solid angle calculations
were madé in essentially the same menner as suggested by Herb, Kérst, Par-
kinson and Plain, 25 Pulses from the proportional counter were fed to a
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25. Herb, Kerst, Parkinson, and Plain, Phys. Rev. 55, 998 (1939).

linear amplifier and thenca to‘a ten channel pulse amplitude anslyzer from
which the data were recorded.

In san effort to improve the effective resolution of the propor-
tional counter, several additions and improvements were made to the
equipment des;ribed by Curtis, Fowler, and Rosen. 24 The most important
of these was the addition of a selsyn controlled foil system mounted on
the reaction chamber 1id so that one hundred combinations of foil thick-
nesses were availabie for slowing down the reaction particles to make
the ends of their paths lie in the counter. The proportional counter was
redesigned with a 0.005'1nch collecting wire offset 1/4 inch from the
center of the counisr, A palladium leak was added to the target filling
system in order to improve the purity of the dsuterium in the target.

The beam s;raad and position was measured by using the propor-
tional counter, with ﬁ 1/8 inch diameter entrance window, as an ionization

chamber (with about one atmosphere of argon pressurc and minus 135 volts




on the center wire)., This counter was set at various positions near

zoro degrees and the amounh of ionization (and hence the beam strength) was
obtained as a function of angle, Since the beam was defined by a 1/4 inch
diameter diaphragm at the position of the target entrance window (Fig, 1),
and since the distances involved were knomwn, it was possible to caleculate
the angular spread of the beam from this measurement, The measurement was
repeated after the tzrget was in place in order to determine the scattering
effect of the two mica windows,

The current integrator and Faraday cage were checked by measuring,
by thermocouple, the temperature rise of an 83 gram piece of copper faced
 with 15 grams of gold which was placed in the beam just in front of the
Faraday cage, The beam was monitored'by the H03 particles from the
D(d,n)He3 reaction which had in turn been calibrated agsinst the current
inte;rator, From the tempersture rise of the block while it was in the
beam, the specific heat of the block, aﬁd from the beam energy, the total
chafge striking the block was computed and compared with the charge indi-

3

cated by the He” particles passing through the counter, Results of this

test indiéate agreement between these two measurements within three percent,
3

III., Distribution of He” Particles

The procedure usad in teking the primery date was quite similar
for all these points, At the begipning of each day of operation the ten
channel amplitude analyzer was calibrated against an sutomatically variable
pulse generator; the current integrator was calibrated against known
constant leakage currents; and the target and counter were flushed and

refilled with fresh gas. The counter voltage was adjusted to give a gas

multiplication of ten, When a usable cyclotron beam was obtained, the




absorber folls in front of the counher were adjusted to give the best

H63 posk on the ten channel analyzer and the amplifier gain w=s set to
cause this pe.k to occur at a convenlent position on the analyzer, When
these adjustments had been completad a dats run was made, usually con-
sisting of about 128 current integrator counts (i.e,, about 14 micro=
coulombs}, The raw data consisted of the number of pulses recorded in
each channel of the ten channel pulase amplitude analyzer amnd the number
of current integritor counts obtauined, The cyclotron beam was such that
a normal run usually required about two minutes, On the completion of a
d?ta run, the asbsorhar foil whesls ﬁere adjusted so that they would com-
pletely stop the H33 particles and a background run was mnde, Imnediately
after such a set of runs {and without turning off the cyclotron), the
Faradasy cage was movad and the enerygy of the beam was measursd by means of
magnetlec deflection,

) Figures 24 snd 2B give tyrical distribution of pulses from the
proportional counter as obtained during data runs, By comparison of the
pulse amplitudes with pulses {rom plutonium alphas, one determinss that
the peaks are due to doubly charged particlas, That {he pezks are due to

3
He particlss from the reaction D*"D~~9H33*;n +3.3 Mev 26 35 demonstrated

by the amount of absorber, betseen the counter and the target, required to
obtain maximm peak height and best resolution from background, The alr

equivalent of the absorbsers plus the mica windows and gas in the target and
f



counter corresponded to the expected range of the He® particles,

For laboratory angles from 16.5 degrees to 32,0 degrees, the low
energy tail of the distribution is of the order of one percent of the
maximum peak as in Fig. 24, Near 40 degrees to the beam, where the range
Ef the He3 particles approaches the air equivalent of the mlca windows,

the resolution of the peak is not as complete (Fig, 2B), For all the

curves used to obtaln the data in this report the low energy tail waus less

than 12 percent of the pesak. ‘ _:f‘

The curves similar to Fig, 2A provide information on the possibil#ty‘ﬂ
3 i

of excited states of the He nucleus, The width of the minimum between the
peak and background sets & limit to the energy region in which no secondary

H93 peak exists (at least to one part in forty compared to the main He

peek), PFrom the energy of the main H93 group which is lost in the counter, j ?i@ f

one can calculate the energy of a group which would fall in the minipmm

between the peak and background, Table I gives a summary of the results
of this analysis, Columns one and two give, respectively, the laboratory
angle and the energy of the He> particles ifi the maiﬁ peak. Column three
gives the snergy region corresponding the the miniomm in which pesks could
be detected if they were present. Column four gives the limits of the
excitation levels of the H33 micleus which would be required to give groups
in the energy region tabulated in column three., Since these groups were
not found, the interpret;;ion'of Table 1 is: at the angles listed there
are no energy levels, detectable by this method, above the ground state of
the H93 nucleus between the limits listed in column four,

The total number of counts in the H63 pesk per coulomb of beam




current (corrected for background as mentioned above), together with
geomstrical factors, and the pressure and temperature of the gas in the
target, allows one to calculate the differential cross section of the
D(d,n)He3 reaction at the various angles at which data were taken, Table
11 gives a summary of ﬁhe results, Column one gives the angle defined by
the slit system between the H03 particles and the deuteron beam. The
meximun angular spread dafinsd.by the slits and counter window is 1,1
degrees for angles near 40 degrees and is * 1,2 degrees for angles near
20 degrees, The effective angular spread of the deuteron beam including
Rutherford scattering of the deuterons in the front window of the target
is t0.8 degrees, Rutherford scattering of the H03 particles by the mica
windows in the side port adds to the anguler spread, This scattering was
calculated for the foils and energies involved, Near 20 degrees only
about three percent of the H03 particles were scattered between one anmd
two degrees by the mica, DBecause the energy of the H93 barticles is less
near 40 degrees about nine percent are scattered between one and two deg-
rees in this angular region. Such scattering introduces a negligible
error in the differential cross section, providing the cross section does
not vary rapidly over angular intervals of about two degrees, This fol-
lows from the fact that, under thé above conditlions, as meny particles arc
scattered into the counter as are scattered out of it

Column two of Table II records the deuteron beam energy as
measured directly after data and background runs as desoribed above, While
the accuracy of this meessurement 1s about two percent, relatlive measurements

are good to about one percent so that an appreciable part of the variation







of the deuteron beam, was messured by allowing the neutrons to irradiate
copper foils, and by means of Gelger counters, determining the number of
copprer atoms so activated, The deuteron beam was monitored by counting
Heo particles with the proportional counter, The copper activity has a
half life of ten minutes and is produced by the reaction Cuéa(n,2n)0u§2.
Two separate runs were made with deuterium in the target and one rum with
hydrogen. The latter run was made to correct for background neutron flux
which was found to be about 14 percent at zero degrees.

The Cu62 activity has been produced elsewhere in this laboratory
by a known flux of 14 Mev neutrons 27 and with the cycletron by a known

27, R, W, Davis snd D, D, Phillips, FPrivete Communicaticn,

®
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flux of neutrons from the threshold to 12,6 Mev, Gombining this
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information it is possible to estimete the activation cross section for 13,32
Mev neutrons (obtained with the present set up) and hence arrive at an
estimate of the flux of the D-D neutrons at zero degrees., This involved

an intercalibration of the various Geiger counters used in the different
measuremente, This calibration was_carried out by using a standard thermal
neutron flux to produce five minute Cu66 by the CuéS(n,K')Cue6 reaction,
which activity was counted oh the various Geiger counters, The betea~rey

from the Cu®® bhas about the same energy as the beta-ray from cub? (2.6 Mev).29
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29, J. Mattauch, Nuclear rPhysics Tables, Inter Science Publishars,

Using this method of detecting neutron flux, one obtains an
estimate for the D(d,n)He3 cross section at zero degrees, This value is not
very accurdate, mainly because of the unreliasbility of the estimate of the

63

activation cross section of the Cu™™ at 13,3 Mev, which may be in error by
30 percent, The result, translated into differential cross section, is
plotted in Fig, 3.
V. Conclusio

The data given in Table II have been plottad as a function of
beam ensrgy and from this family of curves the cro:s seétians for 10,3 Mev
beam energy obtained, These values of the differential cross section
(eorrected for the intensity per unit solid angle in the laboratory system
compared to the intensity per unit solid angle in the center of mass system)
have been plotted in Fig, 3 as a function of angle in the center of mass
system, The measurements, when translated to the ceter of mass angles,
extend from 39.3 degress to 95.0 degrees, Below 39,3 degrees the dotted curve
indicates a rough extrapolation on the hasis of neutron measurements using
the Cu63(n,2n)Cu62 threshold detector as explained in Section IV, The
symmetry of the reaction in the center of mass system makes the curve in
- Fig. 3 symmetrical about 90 degrees.. The data in Fig, 3, the differential
cross section as a function of angls in the center éf me3s system, has been
analyzed, by least squares, in terms of normalized Legendre polynomi;ls of

even order, The result is:
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in millibarns, The last term is about equsl to the estimated uncerteinty
in the data,
Preliminary measurements made over a somewhat limited angular

21
region and witl much less precision gave values of the differential

_7

- 2 .
cross section of 3.5 x 10 cem in rough agreement with the results of

Fig. 3 for angles near 90 degrees in the center of mass System. These

measuremenis, however, did not extend over a large enough aengular regicn
nor were they precise enough to detect the minimum which shows up in Fig.
3 nor the maximum et zero degrees (center of mass system). This minimum

in the differential cross secticn curve begins to appear at bombarding

18

energies of 2,5 Mev and 1s very pronounced at 3,5 Mev, The total cross

section obtained by integrating the curve of Fig, 3 over the entire solid
2 2
angle is 0,07 x 10“‘4 cm . The steep rise in the cross section below

40 degrees makes the totzl cross section somewhai higher than the value

R, 21

- 2
reported earlier (0.04 x 10 cm”) which was obtained from differential

crogs section measured im the more or less flet region of the curve neer

24,

2
cm fits the cross section versus

18
energy curve extrapolated from measurements which extend to 3.5 Mev,-

90 degrees. The value of 0,07 x 10
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TABLE I
Lab Angle Energy of Energy Region Limit of 3
befwean Msin He’ Peak ed for Required He
He’ and Beam Mev He’ Group Excitation Levels
Mev to fall in Golumn 3
Mev
31.4° . A 4.8 - 6,8 3.1 - 0.9
26,7° 8.6 48 = 7.7 45 = 1.0
22,4° 9.1 7.2 - 8,7 3.2 - 0.9
19,5° 9.6 7.7 - 9.2 342 - 0.9

16.5° 10.2 7.8 - 8.7 3.8 = 2.6
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TABLE IX
Lab Angle Energy of Differential Cross
Degrees Deuterons Sectiog in Lagésystam
: Mev em* x 107
16.5 10.0 - 1.55
16.5 10,2 1.54
19.5 9.9 1.12
19.5 10.3 1.13
2244 0.0 1.33
22 .4 10,3 1.37
26,7 10.5 - 1,90
26,7 10.6 1.91
29,2 10.4 2,11
+ 29,2 2,14
31.4 10.5 | 2,17
31.8 10,1 2,21
35.9 | 9.7 2422
35.9 9.8 2.16
35.9 10,2 2,13
38.2 9.7 1.98
38.2 ' 10.2 2,04

38.3 10.3 2,18




e

Fig. 1
Fig, 2

Fig, 3

CAPTIONS FQR FIQURES

Apparatus assembly,

Distribution of pulses from proportional counter due
to H33 particles, Curve A4 is for He particles which
make an angle of 16,5 degrees with the deuteron bean,
Curve B is for H33 particles which make an angle‘of
38,2 degrees with the deuteron beam, The crossesa
reprasent the background obtained by stopping the

H93 particles before they reach the counter,

3

Differential cross ssction of D(d,n)He” reaction in

center of mass system,
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